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SUMMARY 
 
Membrane separations are simple, energy efficient processes, which can be 
economically competitive with traditional separation technologies. In the case of gas 
separation both dense and porous materials have been developed for different 
application where hydrogen production is one of the most important niches of 
development. Hydrogen is being one of the most important vectors to develop 
alternative clean power generation sources. Nowadays, a lot of processes require the 
fabrication of pure hydrogen for efficiency and better performance. Different materials 
have been reported as gas separation membranes but still numerous problems related to 
stability, cost and fabrication must be overcome.  The actual goal is to achieve materials 
that report good separation properties in new type of configuration facing industrial 
applications.  
Carbon molecular sieve membranes (CMSM) achieve high separation factors and 
permeance values than polymeric membranes. During the last 30 years they have gained 
importance due to their excellent performance as gas separation membranes. However, 
most research work has been focused on flat or hollow fiber configurations and minor 
attention has been done to supported CMSM. The main reason is due the difficulties 
associated to fabricate a defect free membrane using a highly reproducible fabrication 
method that allow to obtain a carbon layer after one polymer precursor coating step.   In 
tubular configuration, these hybrid membranes are suitable for scaling up towards 
industrial applications, being more competitive than commercial unsupported hollow 
fiber membranes and films, especially under high pressure and temperature.  
The main objective of this work was to explore alternative fabrication methods for the 
fabrication of supported CMSM. In order to achieve this objective polyimide was 
coated over inorganic supports using two different approaches. The two methods 
reported in this thesis were spinning-coating and dip-coating. The idea of spinning-
coating was adapted from fabrication of supported carbon planar film.  In this work it 
was developed the same idea coating TiO2 tubular supports under rotation with 
polyimide (Matrimid®). The thickness of the carbon membranes was controlled 
adjusting the viscosity of the polymeric solution, and after an exhaustive solvent 
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elimination it was possible to obtain a defect free carbon membrane. The influence of 
methanol washing, pyrolysis temperature (550-700ºC), and presence of the support 
allowed to extracting conclusions about the characteristics of the carbon material. Single 
gas permeance of H2, CO, CO2, N2, CH4 were obtained and ideal selectivity computed 
from this measurements indicated the presence of pinholes on the carbon membrane. 
However, the characterization of this carbon obtained after 550º and 700º C by 
adsorption-desorption analysis allowed to confirm the microporosity of the carbon 
layer. As an important contribution of this work the influence of the support as pore 
modifier of the carbon structure is presented after analysis of supported and 
unsupported samples. Different characterization techniques are presented and integrated 
in this work to analyze the microporous character of the carbon layer (immersion 
calorimetry, AFM) and to evaluate the mesoporous characteristics of the asymmetric 
membrane (liquid-liquid displacement porosimetry).  An additional coating procedure 
with polydimethylsiloxane (PDMS) was performed to decrease the influence of 
pinholes which caused a permeance decrease but increase on ideal selectivity values 
over Knudsen theoretical index.  
As a second fabrication technique, the modification of Al2O3 inorganic support allowed 
to achieve microporosity in the support that allowed the fabrication of CMSM by dip-
coating procedure. Similarly to the dip-coating method, viscosity and polymer 
concentration were optimized in order to achieve high ideal separation factors for 
hydrogen pairs. For the type of membranes obtained by this method single gas 
permeance of H2, He, CO2, O2, N2, CH4, Propane, n-butane, 1-butene, SF6 was 
performed. Influence of pyrolysis temperature, aging, non-solvent immersion, and 
support were also studied as pore modifier of the carbon membrane. However, for these 
membranes the characterization was focused on the effect on permeance and selectivity 
more than in the characterization of the material.  
The findings described in this PhD thesis open new perspectives for alternative 
fabrication techniques of CMSM. This work reports not only the permeance and 
selective properties of CMSM as the traditional approaches rule. Moreover, brings how 
each fabrication variable could affect the final properties of the membrane. Integration 
of structure and properties are presented as an alternative strategy to design new pore 
architecture on CMSM. 
UNIVERSITAT ROVIRA I VIRGILI 
CARBON MOLECULAR SIEVE MEMBRANES FOR GAS SEPARATION 
Kelly Cristina Briceño Mejías 
Dipòsit Legal: T 1057-2014 
 
 
iii 
 
LIST OF CONTENTS 
 
 Pages 
Summary i 
List of Figures iv 
List of Tables xi 
List of Acronyms xiii 
Chapter 1: Scope and Thesis objectives 1 
Chapter 2: State of the Art of Carbon Molecular Sieves Supported on 
Tubular Ceramics for Gas Separation Applications 
9 
Chapter 3: Carbon Based Membrane Reactors 31 
Chapter 4: Fabrication Variables Affecting the Structure and Properties 
of Supported Carbon Molecular Sieve Membranes for Hydrogen 
Separation 
69 
Chapter 5: Characterization of Carbon Molecular Sieve Membranes 
Supported on Ceramic Tubes 
104 
Chapter 6: Carbon molecular sieve membranes supported on non-
modified ceramic tubes for hydrogen separation in membrane reactors 
126 
Chapter 7: Exploring New Variables in the Fabrication of Supported 
Carbon Molecular Sieves Membranes for Gas Separation 
151 
Chapter 8: General conclusions and Future work 
 
 
 
 
 
176 
UNIVERSITAT ROVIRA I VIRGILI 
CARBON MOLECULAR SIEVE MEMBRANES FOR GAS SEPARATION 
Kelly Cristina Briceño Mejías 
Dipòsit Legal: T 1057-2014 
 
 
iv 
 
 LIST OF FIGURES 
Chapter 1 Pag 
Figure 1. Comparative search for different membrane materials used in 
gas separation. 
3 
Figure 2.  Schematic view of membrane reactor concept. 4 
Figure 3 Stationary hydrogen station 
 
4 
Chapter 2  
Figure 1. Schematic concept of a bimodal catalytic membrane 
(microporous top layer coated on a bimodal catalytic support). 
12 
Figure 2. Schematic diagram of methanol reforming– MR 
configurations: a methanol reforming– mesoporous MR combined with 
water–gas shift reaction 
13 
Figure 3. Carbon deposition on pores 18 
Figure 4. Schematic representation of (a) a thin polymer film supported 
on an asymmetric support and an (b) asymmetric membrane infiltrated 
by a polymer solution 
21 
Figure 5. Permeation mechanisms of gas mixtures through finely 
microporous-membranes 
23 
 
 
Chapter 3  
Figure 1 Common carbon allotropes used as carbon membrane 
materials. a, graphite and b, amorphous carbon 
36 
Figure 2 Robeson´s plot: O2/N2 selectivity vs O2 permeability for 
polymeric (AP) and carbon (PM) membranes.  
38 
UNIVERSITAT ROVIRA I VIRGILI 
CARBON MOLECULAR SIEVE MEMBRANES FOR GAS SEPARATION 
Kelly Cristina Briceño Mejías 
Dipòsit Legal: T 1057-2014 
 
 
v 
 
Figure 3. Classification of carbon membranes based on their 
configurations. 
40 
Figure 4 Schematic concept of a bimodal catalytic membrane 
(microporous top layer coated on a bimodal catalytic support). 
43 
Figure 5. Schematic of folded graphite-like layers 44 
Figure 6 Crack formation on supported carbon membrane 48 
Figure 7 PFR and CMRs conversions as a function of feed flow at 
773K; the simulated counter-current-mode behavior is also included  
50 
Figure 8. SEM cross-section of porous membrane reactor 61 
Figure 9. Schematic describing the preparation of a glassy carbon 
microstructure using a PDMS mold. 
62 
Figure 10. Close up of glassy carbon surface 62 
Chapter 4  
Figure 1 Experimental setup for gas permeation experiments  77 
Figure 2 Transversal photomicrography of the polymer films deposited 
on the ceramic support at different polymer concentrations (A untreated 
ceramic; B 3 wt%, C 13 wt%, and D 20 wt%) 
80 
Figure 3 Surface photomicrography of the polymer films deposited on 
the ceramic support at different polymer concentrations (A = 3 wt%, B 
= 13 wt%, and C = 20 wt%) 
81 
Figure  4 Progressive formation of cracks with pyrolysis temperature 
increasing at a heating rate of 2.5ºC/min. (A: 100ºC, B: 220ºC, C: 
420ºC, D: 580ºC) 
82 
Figure 5 Thermogravimetric analysis curves of a Matrimid powder 
(Original), cast membrane after 110 ºC, and a casted membrane after 
110 ºC and methanol bath (110 ºC + methanol) 
83 
UNIVERSITAT ROVIRA I VIRGILI 
CARBON MOLECULAR SIEVE MEMBRANES FOR GAS SEPARATION 
Kelly Cristina Briceño Mejías 
Dipòsit Legal: T 1057-2014 
 
 
vi 
 
Figure 6  On-line ESEM imaging of the pyrolysis of a supported 
polymer film after ethanol washing (A: 100 ºC, B: 220 ºC, C: 420 ºC, D: 
580 ºC) 
84 
Figure 7 Back scattering images of the ceramic support and a supported 
carbon membrane obtained at a heating rate of 1 ºC/min and a final 
temperature. 
86 
Figure 8  AFM images of the ceramic support (left), the supported 
carbon membrane (center) and a non-supported carbon membrane 
(right). 
88 
Figure  9 WXRD for carbon supported (C-S) and non-supported (C-
NS) carbon membranes obtained at 550 ºC  
89 
Figure 10 WXRD for carbon supported (C-S) and non-supported (C-
NS) carbon membranes obtained at 850 ºC 
89 
Figure  11. Permeance values for supported carbon membranes at 
different pyrolysis temperatures  
91 
Figure 12 Adsorption-desorption isotherms for supported carbon 
membranes at different pyrolysis temperatures 
92 
Figure 13 Ideal selectivity values for supported carbon membranes at 
different pyrolysis temperatures 
 
93 
Chapter 5  
Figure 1 Unsupported carbon obtained at 550ºC (A) and 700ºC (B) 110 
Figure 2 Supported carbon obtained at 550ºC (A) and 700ºC (B) 111 
Figure 3 CH4 and CO2 adsorption–desorption isotherms for the 
different carbon non-supported membranes obtained at 550ºC and 700 
ºC pyrolysis temperatures. 
114 
UNIVERSITAT ROVIRA I VIRGILI 
CARBON MOLECULAR SIEVE MEMBRANES FOR GAS SEPARATION 
Kelly Cristina Briceño Mejías 
Dipòsit Legal: T 1057-2014 
 
 
vii 
 
Figure 4 CH4 and CO2 adsorption–desorption isotherms for the 
different carbon supported membranes obtained at 550ºC and 700ºC 
pyrolysis temperature. 
115 
Figure. 5  Enthalpy of immersion (J/g) for the different supported and 
unsupported samples into liquids of different molecular dimensions 
(dichloromethane (DCM), benzene (BZN), n-hexane (N-HEX), 2,2-
dimethyl-butane(DMB) 
117 
Figure 6 Permeability distribution for a Tami Support non coated 
(S_NC) coated with polymer (S_P300), coated with carbon pyrolyzed at 
550º (S_C550) and 700ºC (S_C700). 
120 
Figure 7 Molecular cut-off for TiO2 support (S_NC), polymer 
supported membrane (S_P300), carbon supported membrane obtained at 
550 and 700 ºC (S_C550, S_C700). 
121 
Figure  8  CO2 and CH4 permeance (bars) and ideal selectivity factors 
() for supported carbon samples obtained at 550ºC 600ºC and 700ºC. 
* denotes samples with an additional PDMS coating. Values measured 
at 23ºC and 1 bar. 
122 
 
 
Chaper 6  
Figure. 1. Schematic view of carbon supported membrane in the 
permeation module 
132 
Figure 2 Permeance vs pressure difference for a carbon supported 
membrane (150 ºC). 
135 
Figure 3   Gas permeance vs 1/sqrt(Mw)  for carbon supported 
membrane at different permeation temperatures (∆P= 1 bar). 
136 
Figure 4 Gas permeance vs 1/sqrt(T) for a carbon membrane for 
different gases (∆P= 1 bar) 
136 
UNIVERSITAT ROVIRA I VIRGILI 
CARBON MOLECULAR SIEVE MEMBRANES FOR GAS SEPARATION 
Kelly Cristina Briceño Mejías 
Dipòsit Legal: T 1057-2014 
 
 
viii 
 
Figure. 5 Ideal selectivity factor vs permeation temperature for different 
pair of gases at ∆P= 0.5 bar (empty symbols= Ideal Knudsen theoretical 
values) 
139 
Figure 6 Ideal selectivity factor vs permeation temperature for different 
couples of gases at ∆P= 2.5 bar (empty symbols= Ideal Knudsen 
theoretical values) 
139 
Figure. 7 Permeance versus pressure difference in carbon supported 
membrane with and without PDMS coating 
141 
Figure. 8 Permeance versus kinetic diameter for carbon supported 
membrane after PDMS coating evaluated at room temperature (∆P = 2 
bar) 
142 
Figure. 9  Ideal selectivity for different pair of gases for carbon 
supported membrane after PDMS evaluated at room temperature. (∆P = 
2 bar) 
143 
Figure 10. Yield versus temperature of a TR and a carbon membrane 
reactor for SRM 
145 
 Figure 11 Methanol conversion versus temperature of a TR and a 
carbon membrane reactor. 
145 
 
 
Chapter 7  
Figure 1 Permeance of membranes pyrolyzed at 650ºC.  158 
Figure 2 Single gas permeance performed at 150ºC for Matrimid carbon 
supported membranes.  
160 
Figure 3 Single gas permeance performed at 150ºC for carbon 
supported membranes pyrolyzed at 550ºC. 
161 
Figure 4 Ideal selectivity for carbon supported membranes pyrolyzed at 
550ºC 
162 
UNIVERSITAT ROVIRA I VIRGILI 
CARBON MOLECULAR SIEVE MEMBRANES FOR GAS SEPARATION 
Kelly Cristina Briceño Mejías 
Dipòsit Legal: T 1057-2014 
 
 
ix 
 
Figure 5 Permeance values for CMSM vs kinetic diameter obtained for 
samples with the same thermal history before (polymer) and after 
(carbon) pyrolysis at 650ºC. 
 
162 
Figure 6  Permeance values for CMSM vs kinetic diameter obtained for 
samples with different thermal history (pre-treatment at 250º, 300º, 
350ºC) before (polymer)and after (carbon) pyrolysis at 650ºC. 
163 
Figure 7.  Ideal selectivity values for CMSM vs kinetic diameter 
obtained for samples with the same and different thermal history after 
pyrolysis at 650ºC. 
163 
Figure 8  Permeance values of carbon membranes obtained on TiO2 and 
Al2O3 supports at 550ºC. 
 
164 
Figure 9  Permeance values for CMSM vs kinetic diameter obtained at 
different pyrolysis temperatures. 
167 
Figure 10  Ideal selectivity values for CMSM vs kinetic diameter 
obtained at different pyrolysis temperatures.. 
167 
Figure 11 Permeance vs. Kinetic diameter of carbon molecular sieve 
membrane obtained at 650ºC pyrolysis temperature after oxidation 
treatment at 350ºC at 0.5 hrs 
169 
Figure 12 Permeance vs. Kinetic diameter of carbon molecular sieve 
membrane obtained at 650ºC pyrolysis temperature after oxidation 
treatment at 350ºC at 6hrs. 
169 
Figure 13 Ideal selectivity factors of carbon molecular sieve membrane 
obtained at 650ºC pyrolysis temperature after oxidation treatment at 
350ºC at 0.5 and 6hrs. 
170 
Figure 14 Permeance vs Kinetic diameter of carbon molecular sieve 
membrane  obtained at 650ºC pyrolysis temperature at 250ºC and low 
pressure 
171 
Figure 15 Ideal selectivity of carbon molecular sieve membrane  171 
UNIVERSITAT ROVIRA I VIRGILI 
CARBON MOLECULAR SIEVE MEMBRANES FOR GAS SEPARATION 
Kelly Cristina Briceño Mejías 
Dipòsit Legal: T 1057-2014 
 
 
x 
 
obtained at 650ºC pyrolysis temperature at 250ºC and low pressure  
Figure 16 Permeance vs. Kinetic diameter of carbon molecular sieve 
membrane CA_1 obtained at 650ºC pyrolysis temperature after 
autoclave tests  at 180ºC, 30 bar and 24 hr (one exposure and  
repetition). 
172 
Figure 17 Ideal selectivity of carbon molecular sieve membrane CA_1 
obtained at 650ºC pyrolysis temperature after autoclave tests (one 
exposure and  repetition). 
172 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
UNIVERSITAT ROVIRA I VIRGILI 
CARBON MOLECULAR SIEVE MEMBRANES FOR GAS SEPARATION 
Kelly Cristina Briceño Mejías 
Dipòsit Legal: T 1057-2014 
 
 
xi 
 
                                            LIST OF TABLES 
 
Chapter 2 Pag. 
Table 1. Supported tubular CMSMs 16 
Table 2. Studies that report fabrication parameters on CMS-supported 
membranes. 
17 
Chapter 3  
Table 1.Methods for the preparation of supported CMSM 47 
Table 2. Simulated conversion results at various temperatures and 
operation modes 
50 
Table 3.H2 yield and methanol conversion versus temperature in both 
TR and CMR for steam reforming of methanol 
57 
Chapter 4  
Table 1. Viscosity Matrimid/NMP polymeric solutions 78 
Table 2.  Id/Ig values for carbon samples obtained after different 
treatments 
85 
Table 3. Glass transition temperature (Tg) of supported and non-
supported Matrimid samples 
87 
Table 4. References reported in the fabrication of asymmetric/supported 
carbon membranes. 
 
94 
Chapter 5  
Table 1 Area and pore volume of carbon samples determined by 
immersion calorimetry. 
 
118 
UNIVERSITAT ROVIRA I VIRGILI 
CARBON MOLECULAR SIEVE MEMBRANES FOR GAS SEPARATION 
Kelly Cristina Briceño Mejías 
Dipòsit Legal: T 1057-2014 
 
 
xii 
 
Chapter 6  
Table 1. Parameters of the TiO2 ceramic support 131 
Table  2. Arrhenius coeficient for a supported carbon membrane at ∆P= 
1 bar 
137 
Table 3.  Hydrogen purity in a carbon membrane reactor 146 
Chapter 7  
Table 1.  Polymer solutions used on coating of ceramic supports. 155 
Table 2. Permeance and Ideal selectivity of CMSM obtained at the 
same conditions. 
158 
Table 3. Ideal selectivity of carbon membranes tested at 150ºCat 
different polymer concentrations. 
160 
Table 4. Ideal selectivity values of carbon membranes obtained over 
TiO2 and Al2O3 supports at 550ºC. 
165 
 
 
 
 
 
 
 
 
 
 
 
 
 
UNIVERSITAT ROVIRA I VIRGILI 
CARBON MOLECULAR SIEVE MEMBRANES FOR GAS SEPARATION 
Kelly Cristina Briceño Mejías 
Dipòsit Legal: T 1057-2014 
 
 
xiii 
 
LIST OF ACRONYMS  
 
LCA: Life cycle analysis 
CMSM: Carbon molecular sieve membrane 
CMS: Carbon molecular sieves 
MR: membrane reactor 
WGS: wáter gas shift 
HAMR: hybrid adsorbed membrane reactor 
PPO: poly(2,6-dimethyl-1,4-phenylene oxide) 
CVD: Chemical vapour deposition 
PFA: polyfurfuryl alcohol 
AFM: atomic force microscopy 
STM: scanning probe microscopy 
NMP: 1-methyl-2- pyrrolidone 
THF: Tetrahydrofuran  
ESEM: Environmental Scanning Electronic Microscope 
TGA: Thermogravimetric analysis  
PDMS: polydimethylsiloxane 
WXRD: Wide angle X-Ray Diffraction 
GPC: Gel permeation chromatography 
BPDA-ODA: 3,3',4,4'-biphenyltetracarboxylic dianhidride- 4,4'-oxydianiline 
DCM: dichloromethane  
BZN: benzene  
N-HEX: n-hexane  
DMB: 2,2-dimethyl-butane 
MWCO: molecular weight cut-off  
LLDP: Liquid-liquid displacement porosimetry 
AAM: Alumina asymmetric membrane 
ASCM: Adsorption selective carbon membranes 
UNIVERSITAT ROVIRA I VIRGILI 
CARBON MOLECULAR SIEVE MEMBRANES FOR GAS SEPARATION 
Kelly Cristina Briceño Mejías 
Dipòsit Legal: T 1057-2014 
 
 
xiv 
 
CAM: coated alumina membrane 
C-MEMS: Carbon microelectromechanical systems  
CMR: carbon membrane reactor  
CMS: carbon molecular sieves  
CVD: Chemical vapor deposition 
FAME: fatty acid methyl esters 
FBR: fixed bead reactor 
HAMR: Hybrid adsorbent-membrane reactor 
MIMIC: Micro molding in capillaries  
MRs:  Membrane reactors 
MSCM: Carbon molecular sieves membranes 
LDH: Layered double hydroxides 
PA: Polyamic acid  
PEMFC:  Proton exchange membrane fuel cells 
PSA: Pressure swing adsorption  
Pd: Palladium 
PDMS: Polydimethylsiloxane 
PFR: plug flow reactor 
PTFE: polytetrafluoroethylene 
SRM: Steam reforming of methanol 
XRD: X-ray diffraction 
YSZ: Yttria-stabilized zirconia 
µTM: Micro transfer molding 
 
UNIVERSITAT ROVIRA I VIRGILI 
CARBON MOLECULAR SIEVE MEMBRANES FOR GAS SEPARATION 
Kelly Cristina Briceño Mejías 
Dipòsit Legal: T 1057-2014 
 
 
Carbon Molecular Sieve Membranes for Gas Separation                            
 
 
 
 
 
 
 
 
 
 
 
CHAPTER 1 
Scope and Thesis Objectives 
 
 
 
UNIVERSITAT ROVIRA I VIRGILI 
CARBON MOLECULAR SIEVE MEMBRANES FOR GAS SEPARATION 
Kelly Cristina Briceño Mejías 
Dipòsit Legal: T 1057-2014 
 
 
Carbon Molecular Sieve Membranes for Gas Separation                            
2 
 
Scope and Thesis Objectives 
During the last two centuries human being have increased their quality life to levels not 
experienced before. Nowadays, a technological advance brings a comfortable level of 
life that will not probably go back. The advances in technological developments was not 
always in parallel with the impact it had on the resources consumed. Climate change 
problems, increase on fuel´s price and contamination or depletion of water sources to 
mention a few, imply to make effort in producing more sustainable technologies and to 
decrease the impact of those existing in the near future. Nowadays, it is not possible to 
think in technology development without including the life cycles analysis (LCA) and 
also considering the economic impact cost associated to them. In this context membrane 
material bring an alternative answer to deal with different problems associated with 
environmental impact and production by using more efficient processes. Gas separation 
membranes is an example of those materials that emerged from laboratory to adapt 
rapidly on industrial applications, being an attractive alternative to conventional, 
expensive and contaminant methods for gas separation. The broad range of applications 
includes nitrogen generation, refinery hydrogen recovery, syngas ratio adjustment, 
landfill gas upgrading, pollution control to noun few of them. Depending on the 
application both dense and porous membranes include a large variety of materials where 
polymers are the most widely reported. Figure 1 shows a comparative view of different 
materials used on for gas separation. A review on available literature regarding gas 
separation material available during the last 35 years is it clear that polymeric materials 
have been predominant for gas separation. Other available materials like molecular 
sieving include zeolites, ceramics and carbon.  Even zeolites are most dominant, carbon 
molecular sieve membranes (CMSM) have gained attractive attention during the last 
years and they are the object of study in this thesis. The main reasons why carbon 
membranes have been scarcely developed up today are their brittleness, high price and 
low hydrothermal stability. Moreover, there are still a lot of issues related to understand 
the relationship between structure and properties that have been scarcely reported. This 
relationship has been being approach on flat membranes. Although this can be widely 
found in the literature, most of them cannot be applied on industrial applications.  
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Figure 1. Comparative search for different membrane materials used in gas separation  
 
Membranes made from metals, zeolites and ceramics has successfully overcome the gap 
between laboratory and industrial application. However, carbonaceous membrane has 
still to solve issues like thermal stability in order to be considered as alternative 
materials. In addition, depending on application the fabrication method can be a limiting 
factor for application of these membranes. In the manufacturing of CMSM is common 
to need controlled clean room facilities or to have repetitive coating steps to decrease 
defects and to achieve mechanically stable membranes. These aspects could represent 
an economical drawback for their study and further application.  Based on what has 
been previously exposed, efforts should be made to develop a manufacturing process 
that solve the main drawbacks related to obtain competitive carbon membranes for gas 
separation. 
 
The thesis presented was part of an Opentok Marie Curie European Project devoted to 
design, characterize and apply porous materials for novel applications. The final 
objective of the European project was to obtain materials for hydrogen purification. For 
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this reason, it was proposed the study of carbon molecular sieve membranes for on 
board hydrogen production. This implied the fabrication of membranes that could be 
suitable for membrane reactors applications. On the other hand, it was required to obtain 
a material with high permeance and separation factors in a compact structure that would 
allow the integration of catalyst. Figure 2 shows the schematic view of a membrane 
reactor where reaction and separation are integrated in order to promote shift of the 
products from the equilibrium.  
 
 
Figure 2. Schematic view of membrane reactor concept 
The idea to integrate high separation membranes in membrane reactors has been 
considered for both on-board production of hydrogen and deliver of hydrogen as fuel on 
stationary sources using palladium membranes (Fig 3). However, the price and low 
permeance values of hydrogen membranes push the interest to find alternative materials. 
 
 
 
Figure 3. Stationary hydrogen station 
 
In the frame of the European project this thesis was conceived to fabricate membranes 
for possible application in membrane reactors.  The focus of this research was to 
explore an alternative fabrication method without the need to modify a mesoporous 
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support. The main hypothesis is that it is possible to create a carbon membrane with a 
microporous and mesoporous part integrated in the same membrane using a shorter 
route of manufacturing than reported in the literature. This layer must be carefully 
deposited on a porous support in order to guaranty: 
 
• To use a mesoporous support without previous modification of its porosity. 
• To obtain a carbon membrane after one coating step of the polymer precursor 
• In order to achieve maximum permeance values, it is important to minimize the 
immersion of the polymer precursor on the porous structure of the support 
• The final membrane must be free of cracks. 
 
In order to achieve these requirements, it was proposed a fabrication method than allow 
the control of the thickness at the deposition stage given by the concentration of the 
polymer solution.  This method was though to eliminate the following problems: 
 
• Time and costs related to support modification. 
• Need of clean room. 
• To avoid repetitive coating procedures of polymer precursor towards to achieve 
a defect free membrane. 
• To achieve separation of smaller kinetic diameter gases comparable to hydrogen 
• Do not use post-treatment for to increase or decrease pore size of carbon 
membranes. 
 
After the above explanations the main objectives of the present PhD thesis were: 
• To propose a new fabrication method fast, simple and suitable to be performed 
out of clean room. 
• To obtain a carbon molecular sieve membrane over a mesoporous support 
without the need to modify the support and avoiding repetitive polymeric 
coating. 
• To identify the transport mechanisms of the carbon membranes obtained and 
allow their evaluation as candidate materials for membrane reactors. 
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• To determine the influence of the fabrication steps on the final structure of the 
carbon membrane obtained in order to allow tailoring the pore size of the 
carbonaceous structure. 
• To develop alternative characterization techniques of the carbon material in 
order to establish relationship structure-properties of carbon membranes 
obtained. 
• To overcome the problems associated to the fabrication method obtained to 
achieve high selectivity and permeance of the carbon membrane. 
      In this sense, the research work was divided into: 
Chapter 1: outline the thesis scope. This chapter includes the main motivation and 
thesis objectives. 
Chapter 2: introduce the challenges of gas separation membranes and address the 
carbon membranes on the competitive field of gas separation. Some important 
concepts are revised considering the point of view of fabrication of supported 
carbon membranes. In this chapter, it is also revised the problem of lack of 
techniques for a detailed characterization of the supported carbon membrane.  
Chapter 3: This is a general view of the potential applications of porous carbon 
membranes in different research fields. The main approach is to apply them on 
membrane reactors, for this reason a revision of their properties is done for this 
application. The author brings a connection between the common properties of 
porous carbon membranes and how they can be used in macro and micro membrane 
reactors. 
Chapter 4: refers to the first part of the experimental work. An alternative 
fabrication method to those reported in the literature was achieved. The fabrication 
variables are fully analyzed towards defect free membrane. For this reason a 
characterization of the influence of methanol immersion is presented. This chapter 
introduces questions about the influence of new variables on the carbon structure 
that has not been usually reported in the literature. 
Chapter 5: integration of multi-characterization techniques for the membrane 
morphology. Detailed analysis of carbon membrane allows concluding the 
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importance of support and pyrolysis temperature. Moreover, the application of 
these membranes in gas separation requires an additional characterization than 
microporosity. For this reason, Mesoporosity is characterized by Liquid Liquid 
Displacement Porosimetry (LLDP) in order to set parameters that determine the 
mesoporous modification. This chapter allows a textural characterization of the 
carbon and confirms that alternative variables to those reported in the literature, 
must be considered for pore design. 
Chapter 6: the transport mechanism analysis ere determined for membranes 
reported in chapter 2. Permeance of different gases (H2, CO2, N2, CH4, CO) was 
performed at room temperature and at 150 ºC. This analysis allowed to compare the 
membrane obtained with other inorganic membranes reported in the literature for 
membrane reactor applications. For this reason, a first attempt of carbon 
membranes applications obtained in this work is reported for methanol steam 
reforming. 
Chapter 7:  An alternative fabrication method is considered in order to validate the 
results obtained before. This method implied the modification of the inorganic 
support (which is a protected patent). The high reproducibility of this method 
allowed to confirm the results exposed before and also allowed to explore questions 
related to the new variables suggested to influence the carbon structure. It allowed 
us to rise conclusions about the importance of other fabrication variables non-
reported up to now.  
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ABSTRACT 
 
 During recent years, research into alternative power generation and less polluting 
vehicles has been directed towards the fabrication of compact and efficient devices 
using hydrogen fuel cells. As a compact viable proposal, membrane reactors (MR) have 
been studied as means of providing a fuel cell with an on-board supply device for pure 
hydrogen streams obtained by reforming hydrocarbons. However, the development of 
MRs is strongly dependant on the membrane having high permeation flux and high 
selectivity ratios towards H2 in a mixture of gases. To meet this need, carbon 
membranes are proposed materials, which have pores that are the same size as the 
kinetic diameters of syngases. These would provide an alternative to polymers, metals 
and ceramics in MR applications. Moreover, a tubular shape is a highly recommended 
configuration for achieving a compact and large reaction surface area. However, it is not 
easy to obtain a supported and amorphous carbon layer from polymer pyrolysis because 
the fabrication methods, the type of precursor material, characteristics of the support 
and pyrolysis conditions are all closely connected. The combination of all these factors 
and the stability problems of carbon membranes have limited the use of carbon 
molecular sieves (CMS) in large-scale applications. This review attempts to provide an 
overview of the use of carbon membranes in MRs for gas separation. It also reviews the 
advances in the materials, fabrication methods and characterisation techniques of 
specific supported carbon molecular sieve membranes that have been supported on 
tubular carriers so they can take advantage of the high permeation and selectivity values 
previously reported for unsupported CMS.  
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SCOPE OF MEMBRANE REACTORS 
 
Hydrogen can be considered to be one of the most important fuel sources that helps in 
satisfying the current and future energy needs of the world. In addition, it could play a 
big role in reducing greenhouse gas emissions, especially considering the current 
environmental regulations. A promising approach to feeding polymer electrolyte fuel 
cells (PEMFCs) is to produce hydrogen by steam  reforming hydrocarbons followed by 
a water gas shift (WGS) reaction. Such systems would be able to generate cleaner 
power than an internal combustion engine[1].  In hydrogen-based automotive 
technology, reforming hydrocarbons in an on-site reforming reactor would create a 
valuable alternative to an external reforming and refuelling infrastructure. It is thus 
highly attractive to carry liquid fuels suitable for conversion into hydrogen-rich gas. 
However, there are problems with this approach because the hydrogen produced by 
reforming hydrocarbons contains gases such as CO and CO2 that poison the anode  
catalyst and thus reduce the performance of the fuel cell.[1–4] For this reason, the 
production of high-purity hydrogen fuel is fundamental to the development of the on-
board feeding of fuel cells. 
 
The WGS reaction has been identified as an additional step for obtaining the highest 
yield of H2 in the hydrocarbon-reforming process, according to the reaction shown in 
Eqn 1[4]: 
                      H2O + CO = CO2 + H2                                      ∆Hº 298 = −41 kJ/mol (1) 
 
In addition, it has been reported that the configuration of the membrane reactor (MR) 
has improved the WGS reaction’s effectiveness in producing hydrogen.[4,5] MRs are not 
new[6–8] and can be used in compact and on-board applications. This type of device is 
designed to selectively remove products from a mixture in equilibrium-limited 
reactions. The changes produced in the equilibrium composition increase the reaction 
yield.[9] In fact, MRs have shown better efficiency than conventional tubular reactors. 
For this reason, the new developments in MRs could further improve the overall 
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efficiency of processes in H2 production technology. For example, Tsuru et al. 
configured an MR so that it used steam methane reforming with α-Al2O3 membranes 
covered in an Ni-doped layer to produce hydrogen. In this case, the separation layer was 
located on the outer surface of the cylindrical support, giving an H2/N2 permeance ratio 
between 25 and 502 (Fig. 1).[10] 
 
 
 
Figure 1. Schematic concept of a bimodal catalytic membrane (microporous top layer 
coated on a bimodal catalytic support).[10]. 
 
THE IMPORTANCE OF MEMBRANE MATERIALS AND SHAPE IN A MR 
 
In a MR, the membrane plays the role of the integrated separation element; for this 
reason the permeation and selectivity of the membranes are crucial to the total reactor 
performance. Polymers are good candidates among the possible membrane materials, 
but they are limited by the trade-off trend between gas permeability and selectivity and 
they often lose performance at high temperatures.[11,12] In high temperature gas 
separation applications, two different types of membranes have been used: microporous 
(zeolites, silica and carbon) and dense membranes (ceramic or metals).[13] 
Extensive research has been done on applying inorganic materials to MRs;[6,7,10,14 – 16] 
however, there are still matters of cost and stability when applying these materials in 
large-scale industrial applications.[7,17,18]  
 
Developments of new materials, optimal and reproducible fabrication techniques and 
new configurations are needed in order to achieve stable MRs with good thermal and 
mechanical properties. For more information on this subject, the reader should refer to 
the several studies that have analysed different inorganic materials for this purpose.[19] 
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Many studies have dealt with membranes supported on an asymmetric structure.  Lee et 
al .[20] reported permeation values and high hydrogen recovery in inorganic membrane 
materials. They studied different configurations of asymmetric membranes and noticed 
that the final performance was significantly affected by the materials of which the 
asymmetric membrane was made. Figure 2 shows a diagram of a methanol mesoporous 
MR combined with WGS. 
 
 
Figure 2. Schematic diagram of methanol reforming– MR configurations: a methanol 
reforming–mesoporous MR combined with water–gas shift reaction.[20] 
 
An optimal asymmetric hybrid configuration of the membrane could provide high 
hydrogen recovery and good flow of gases to the permeate side, but would also require 
the development of new materials for highly permselective membranes suitable for MR 
applications. This would mean considering the contribution of each separation 
mechanism for each component layer in order to determine the overall yield and 
separation values. These transport mechanisms have been reviewed for inorganic 
materials such as ceramics, zeolites and carbon.[12] 
 
Another important aspect of the MR is the shape of the supported membrane, which can 
be planar or tubular. The tubular configuration has been considered preferable from the 
standpoint of large-scale applications, including MR applications. This is because of its 
high packing density and high surface reaction area.[19,21] 
 
The use of hydrogen selective materials in a tubular shape for permeation testing has 
been reported for carbon membranes from pyrolysed polymer hollow fibres. However, 
even though these membranes have been reported in commercial applications, they 
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suffer from low mechanical stability and fabrication problems such as macrovoid 
formation or alterations to the final membrane properties depending on the spinning 
conditions in the dough. [22 – 24] Also, the fabrication of polymer hollow fibres is a very 
complicated process that depends on many variables.[25 – 27] Supported tubular 
membranes are an alternative that would have more mechanical stability and would 
reduce the polymeric materials needed for their fabrication, thus significantly lowering 
the cost. 
 
THE SELECTIVE MEMBRANE: CARBON MOLECULAR SIEVES (CMS) 
 
A highly selective membrane for gas separation has to allow separation between small 
molecules with similar sizes. Examples of materials with these properties are molecular 
sieves made of silica, zeolites and carbon. Compared to polymeric materials, they push 
the upper boundary of the permeability vs selectivity tradeoff.[28,29] Carbogenic 
materials have been used in different applications since the last 20 years because of their 
sieving properties,[30] with gas separation being one of the most common applications. 
[31 – 34] As with zeolites, these materials separate molecules based on the size and shape 
differences. In the case of carbon molecular sieves (CMSs), their chaotic structure can 
be controlled by the chemical composition of the precursor and the fabrication 
conditions during polymer pyrolysis. Moreover, CMSs are thermally more stable and 
are resistant to reactions with acids, and these qualities make these materials very useful 
for processes where separation is done in aggressive environments.[35] The crystalline 
structure of zeolites is not easily controlled, especially in high-scale applications, and 
these materials are still under research.[36] Finally, silica is the most competitive 
membrane material for gas separation;[12] however, the industrial application of silica 
membranes is still limited by problems such as poor reproducibility.[37] 
 
In the field of MRs, there is a very small number of reports about nanoporous carbon 
membranes. Itoh and Haraya have been pioneers in the field of carbon MRs.[21] They 
fabricated an MR in a hybrid configuration with a selective carbon hollow fibre 
membrane for dehydrogenating cyclohexane. [21] They showed that the permeation rates 
of hydrogen, argon and cyclohexane in the MR were controlled by molecular sieving 
and diffusion mechanisms. Lapkin et al also reported the use of carbon membranes in a 
UNIVERSITAT ROVIRA I VIRGILI 
CARBON MOLECULAR SIEVE MEMBRANES FOR GAS SEPARATION 
Kelly Cristina Briceño Mejías 
Dipòsit Legal: T 1057-2014 
 
 
Carbon Molecular Sieve Membranes for Gas Separation                            
15 
 
contractor for the hydration of propane.[38] However, very few studies can be found 
regarding hydrogen separation using WGS reaction.[39] Harale et al .[40] reported the 
hybrid adsorbed membrane reactor (HAMR) where the reaction and membrane 
separation processes are coupled with adsorption. They used the nanoporous CMS 
membrane for hydrogen separation and double hydroxide materials as adsorbents. 
 
The use of carbon materials in MR applications is limited because of their low oxidation 
resistance under severe conditions. Nonetheless, the excellent permeation and 
selectivity properties, and the relative ease with which preparation and shape are 
controlled, make nanoporous carbon membranes competitive with other materials for 
high-performance gas separation. Harale et al .[40] provide one of the few examples of 
the use of these membranes in this type of application when they used carbon 
membranes for WGS reaction at 250 ◦C. On the other hand, the stability problems of 
carbon membranes are still being studied. Lagorsse et al .[41] looked at hollow fibre 
carbon molecular sieve membranes CMSMs that were treated 1 year after fabrication to 
remove the oxygen surface groups that cause the loss of stability in these membranes. 
Passivation and regeneration (treatment in an H2 atmosphere at 893 K) are alternative 
treatments for recovering membrane stability. Most of the limitations of carbon 
membranes arise from the membrane fabrication. Sometimes CMSMs do not behave as 
expected because of the limited control over thickness, especially when several coating 
steps are required. Therefore, improving and developing CMSM fabrication are key 
areas in making these membranes more competitive with other materials. 
 
FABRICATION METHODS IN CMSMS 
 
The most commonly used method for obtaining CMSMs is polymer pyrolysis. After the 
pyrolysis of most polymeric precursors, a carbon material is obtained that has improved 
permeability and selectivity compared to the polymer precursor.[42] Accordingly, a lot of 
emphasis has been laid on selecting the polymer. In the case of supported membranes, 
there is a close relationship between the pyrolysis conditions and the methods used to 
form a defect-free film of the polymer used as carbon precursor.[43 – 45] The pore size 
distribution and the adsorption capacity, which control the selectivity for gas separation, 
can be tailored during fabrication by controlling parameters such as the pyrolysis 
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temperature, time and flow rate of the sweep gas present during the pyrolysis.[46 – 51] For 
supported samples, it is important to consider the subsequent thickness of the polymer, 
and the presence of cracks during pyrolysis resulting from differences in thermal 
coefficients of precursors and supports. Several methods are reported in Table 1 for 
tubular supported CMSMs in large-scale and compact applications.  
Table 1. Supported tubular CMSMs 
 (Kinetic diameter: H2 (2.89 Å) CO2 (3.3Å) O2 (3.46Å) CH4 (3.8Å)[52]). 
Carbon 
Layer 
thickness 
Type of 
support 
Method Permeance 
(×10−8 mol/m2·s·Pa) 
Selectivity Ref 
30 µm 
 
Porous 
Carbon disk 
Spin-coating He:0.8 O2/N2 ~10 
CO2/N2=45 
CO2/CH4=160 
[46] 
6 µm Porous α-
alumina 
support 
Coating+ 
Vapour 
deposition 
CO2: 2 
O2: 0.3 
 
He/CO2: 8 
CO2/N2: 73 
O2/N2:14 
 
[53]
 
Non 
reported 
glass/α-Al2O3 Vapour 
deposition 
H2:0.93 
CO2:0.29 
CH4:0.017 
CO2/CH4=25 
 
 
 
[52]
 
 
To fabricate supported CMSMs, it is important to consider the research done for 
unsupported materials. The packaging of polymer molecules is related to the permeation 
properties of the final carbon membrane, and is affected by the polymer structure, the 
solubility of the polymer in the solvent and the temperature at which the polymer is 
placed over the support.[42,48] 
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Variables related to polymers  
 
The structure of a polymer precursor precursor polymer and the pyrolysis temperature 
are key factors that determine the properties of the carbon membrane. However, there 
are other variables that can influence the final structure of the material. Table 2 gives a 
summary of the most important parameters considered for CMSMs supported on  
tubular ceramic carriers, which is the shape that this study focuses on. For unsupported 
membranes, Saufi and Ismail et al .[45] provide an in-depth report on the main 
fabrication parameters to be considered. 
 
Table 2. Studies that report fabrication parameters on CMS-supported 
membranes. 
Material Type of support Variable that affect permeation Ref 
poly(2,6-dimethyl-1,4-
phenylene oxide) (PPO) 
polymer 
Alumina tubular 
support 
Polymer concentration. 
Pyrolysis temperature 
[60] 
 
BPDA-pp′-ODA α-alumina support Additional treatment of vapour 
deposition 
[53] 
 
Novolak-type phenolic 
resin 
γ-alumina support Deposition of inorganic layers. 
Polymer solution concentration 
[44] 
 
BPDA-pp′-ODA α-alumina support Carbonization temperature. 
 
[51] 
 
 
As has been mentioned, the pore structure of CMSMs is closely related to the pyrolysis 
conditions, especially the carbonisation temperature.[61] The thermal decomposition of 
polymer precursors such as polyimides produces gases such as He, CO2, O2 and N2. 
Different types of products in each step of pyrolysis can either favour shrinkage or the 
production of new micropores in the material. A detailed fractional factorial design of 
experiments showed that the carbonisation temperature had the strongest influence on 
gas permeation in the carbon membrane, whereas the heating rate did not have big 
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influence on the development of the membrane structure during the carbonisation 
process. Sua and Lua outlined that a nitrogen atmosphere coupled with lower final 
temperature gave the highest permeabilities for the four gases studied.[62] 
 
ALTERNATIVE FABRICATION METHODS FOR CMSMS 
 
As has been described, pyrolysis of deposited polymers is one of the most common 
methods for CMS preparation. Coating of inorganic porous materials with a polymer 
layer as carbon precursor has been presented as the main fabrication method, but critical 
thickness and the difference in thermal expansion coefficients between the polymer and 
support has to be considered in order to avoid crack formation. For this reason, 
alternatives methods, such as vapour deposition have been extensively reported in 
literature.[63] In this approach, carbon coating is done with a hydrocarbon as a precursor 
gas introduced in porous materials at elevated temperatures (800–1000 ◦C). The gas is 
then cracked, which leads to the deposition of carbon on the surface of porous material. 
Some researchers report carbon deposition as a technique for increasing the selectivity 
of porous materials. Wan et al.[64] deposited carbon by cracking benzene. The molecular 
sieves obtained showed kinetic selectivities of 16.0 and 7.06 for CO2/CH4 and O2/N2 
respectively. Similarly, David et al. [65] modified a carbon support by cracking benzene 
at 650–800 ◦C, which led to coke being deposited on the pore walls. The pore sizes 
comparable to those suitable for diffusing Ar and O2 were on the order of 4–25 Å. 
Figure 3 shows a picture of the coke formation in the pore mount of a carbon support. 
 
 
 
Figure 3. Carbon deposition on pores.[65]. 
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Li et al .[66] fabricated a tubular carbon-coated membrane by chemical vapour 
deposition (CVD) of methane on a multi-layered porous ceramic substrate at a 
temperature of 1000 ºC. They also reported that CVD allowed good control of film 
thickness. Hou et al .[67] explored the concept of depositing carbon materials in an 
inorganic framework. They impregnated zeolites-Y with PFA, which was then 
polymerized inside the zeolite channels. This composite material was then heated at 
600ºC under acetylene CVD and yielded a carbon material. They concluded that PFA 
impregnation is the least efficient and longest step for microporous-carbon production 
and highlighted the advantages of obtaining ordered microporous-materials by CVD. 
 
Overall, vapour deposition and its variations provide better control of the thickness of 
the deposited carbon layer, although they also require the use of high pressures at high 
temperature. In addition, the structure of the material obtained by carbon deposition and 
the relationship between the material’s structure and the final permeation and selectivity 
properties have not been fully reported. As with polymer pyrolysis, understanding how 
fabrication variables and the characteristics of the precursors in the pore architecture 
influence the final structure of the carbon layer would help us understand the final 
properties of the membranes and design specific pore architecture for a given mixture of 
gases. 
 
FABRICATION ISSUES IN CMSMS ON TUBULAR SUPPORTS 
 
Coating polymeric materials over an inorganic support prior to pyrolysis bring 
mechanical stability to carbon membrane materials. The deposition of the polymer is a 
key step in the fabrication of supported CMS. This process must be controlled in order 
to produce consistent continuous films. Shiflett and Foley[68] deposited PFA onto porous 
stainless steel tubes by ultrasonic deposition. After pyrolysis, a supported nanoporous 
carbon membrane without cracks was obtained. This approach had the advantage of 
controlling the catastrophic cracking formation when the film’s thickness was close to 
20 µm.[24] 
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The effect of the different pyrolysis parameters on CMSMs[68] has been extensively 
reported, but very little work has focused on understanding the technical, physical and 
mechanical issues of membrane fabrication, especially for tubular-shaped supported 
membranes. The influence of the thickness of the polymer precursor, the differences in 
the expansion thermal coefficients and the pyrolysis conditions needed for a defect free 
membrane have not been fully reported. [69] This is because different parameters have to 
be considered from those that are usually reported. [70,71] Both the coating method and 
the choice of support can determine the performance and stability of the resulting 
membrane. [72] In fact, the challenges encountered in developing polymer films on 
inorganic supports are very similar to those that appear when depositing inorganic films. 
One of the most important problems is the lack of thickness reproducibility during the 
gelification of some polymers. This is usually solved by repetitive coating in order to 
avoid pinholes, cracks or defects in the membranes, which is time consuming and has a  
high energy cost.[73] 
 
In order to have an energy-saving process, the membrane must have a limited number of 
coating steps. Moreover, depositing a crack-free polymer membrane is strongly 
dependent on the nature of the polymer. For example, the thermoplastic character of 
some polymers can cause melting during heating and pyrolysis, which would change the 
membrane shape and thickness and lead to a redistribution of the polymer layer. Wei et 
al .[72] obtained a successful carbon membrane after one coating step by depositing 
novolac phenol-formaldehyde-based resins modified with hexamine. This gave the resin 
a thermosetting character that favoured optimal polymer localisation over the support 
and a defect-free and mechanically stable CMSM. In addition to chemically modifying 
the polymer, the film deposited is influenced by the surface of the porous support, as 
Huang and Dittmeyer [73] reported when they prepared thin palladium supports. In fact, 
Sedigh et al .[74] showed that the polymer’s penetration into the support can be 
controlled by a thin layer of γ -alumina (average pore diameter of 5 nm). The 
characteristics, the concentration and the viscosity of the filler material (polymer) over a 
support with a variable grade of porosity determine the formation of a stable layer of 
material or the infiltration of the precursor in the support, and this means differences in 
membrane thickness and final performance (Figure 4).  
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Figure 4. Schematic representation of (a) a thin polymer film supported on an 
asymmetric support and an (b) asymmetric membrane infiltrated by a polymer 
solution.[9]. 
 
For asymmetric configurations, the polymer’s structure and concentration are not the 
only factors to consider when obtaining a supported film. The choice of the supporting 
material is crucial to obtaining good coatings.[75] This could involve modifying the 
support structure in order to achieve an isotropic distribution of pores, and this could 
improve polymer coverage and reduce crack formation. Moreover, less starting material 
is required to form the film and higher gas permeation values can be achieved.[69] For 
example, Shah et al .[76] obtained nanoporous carbon membranes by modifying metal 
supports with low porosity and uniform pore size after incorporating silica nanoparticles 
into porous stainless steel supports. They demonstrated that the silica particles influence 
the thickness of the nanoporous carbon layer, resulting in improved Bomax 
permeability.[76] 
 
Support modification is, therefore, a method that can be successfully applied to different 
membrane geometries using different types of fillers to produce nanoporous carbon 
membranes and achieve flux improvement.[68,69] Similarly, Liu et al .[28] successfully 
modified a ceramic support after dip coating with a boehmite solution in order to obtain 
a supported carbon membrane without cracks. They put the polymer on the outer 
surface of a tubular α-Al2O3 support, and controlled the deposition process, thus 
avoiding catastrophic cracking. The membranes supported on modified α-Al2O3 were 
mechanically strong at different pressures and temperatures.[28] 
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CHARACTERISATION OF CMSMS COVERED IN TUBULAR SUPPORTS 
 
The characterisation of carbon membranes has been fully reported, specifically for 
unsupported samples. However, most studies of supported tubular-shaped CMSs focus 
on the final application without considering the transformations of the precursor 
material into a carbogenic structure, or how the fabrication conditions, the polymer 
properties and, most importantly, the support affected the final properties. 
 
Gas permeability has been extensively used to characterize CMSMs because the 
variations in gas permeation rates can be related to the structural characteristics of the 
porous membrane. Gas permeability studies are commonly coupled with adsorption 
analysis. However, inconsistent results can be found, as happened with Lua and Su. [61] 
Interestingly, they described how the samples with lowest nitrogen uptake gave higher 
permeance values. 
 
In addition to pore structure and permeation, it is important to observe the nanoporous 
materials’ separation mechanisms; these are molecular sieving, selective adsorption or 
differences in diffusion rates. In fact, the behaviour of pure gases permeating through 
membranes can be highly different in the presence of another gas.[77] In CMS, the main 
mechanism for gas separation is molecular sieving (Figure 5). This mechanism is 
strongly dependent on the kinetic diameter of molecules (e.g. He (2.6 Å), H2 (2.89 Å), 
CO2 (3.3 Å), O2 (3.46 Å), N2 (3.64 Å)) and the separation is according to the size and 
shape of the molecules. However, permeation rates and selectivity in gas mixtures are 
also affected by the competitive adsorption of gas molecules on the pore surface.[78] 
Hatori et al .[33] reported that the difference in H2 selectivities vs gases such as CO and 
CO2 was not related to the molecular size of the components in the mixture but rather 
was related to differences in their predisposition towards adsorption in the micropores. 
They reported H2/CO selectivity over 1000. Kim et al . studied the molecular sieving 
mechanism and the surface diffusion mechanism for CMSM. They showed that the 
mechanisms are not only related to the molecular dimensions but also to the different 
adsorption behaviors of the gases.[54] Reid and Thomas[79] reported that the 
adsorption kinetics of gases are determined by factors such as the interaction between 
the adsorptive and the adsorbent surface and the size of the adsorptive species in 
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relation to the size of the pores in the adsorbent. They highlighted that the main 
differences in the adsorption kinetic of gases such as oxygen and nitrogen are related to 
the molecular size and also to the fact that the adsorption process can be influenced by 
shape factors.[80] In addition, the same authors[81] investigated the mechanism of air 
separation in CMS using adsorption of oxygen, nitrogen and gases with linear 
structures. In their study, the adsorption of linear molecules was investigated as a way 
of estimating the contribution of molecular size and shape in the adsorption kinetics of 
gases on CMSs. They considered a variety of models, such as the linear driving force 
(LDF), to describe the adsorption in CMSs. They reported differences in adsorption 
rates between carbon monoxide (2–3 times faster) and nitrogen, despite similarities in 
their activation energy values and electronic structures. These kinds of studies into 
unsupported samples can give a better idea of how the adsorber/adsorbent interaction 
affects the adsorption kinetics of specific mixtures of gases in supported CMSMs. 
 
 
 
 
Figure 5. Permeation mechanisms of gas mixtures through finely microporous-
membranes.[82]. 
 
Desorption kinetic studies are more effective when they monitor the changes in the 
membrane microstructure during different heat treatments. These studies allow us to 
determine the relationships between the structure and the properties of carbon 
membranes, helping in establishing the best conditions for gas separation. Arriagada et 
al .[83] reported an appropriate carbonisation temperature of around 1000 ºC for CH4 –
CO2 separation. Increasing the carbonisation temperature to 1100 ºC blocked the 
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micropores that were accessible to CO2, thus decreasing the selectivity. They showed 
that carbonisation at different temperatures generates materials with different micropore 
size distributions. They also remarked that the nitrogen adsorption at 77 K is not enough 
to characterize the micropore structures. 
 
Molecular probing is another powerful technique for characterizing micro- and 
mesoporosity CMS on the basis of differences in the adsorption kinetics. The molecules 
must pass through an energy barrier during their diffusion through the selective 
porosity, and this highlights the differences in the adsorption kinetics of various gases. 
However, characterizing the selective porosity produced in heterogeneous materials 
could be difficult and incomplete. David et al . described the difficulties of this type of 
characterization in heterogeneous materials.[65] In addition, sometimes adsorption 
analysis requires crunching the sample, thus obtaining partial information regarding the 
total microporosity of the sample. [74] 
 
As previously noted, in the case of planar or unsupported CMSMs, there are many 
publications that correlate CMS structure (the pore distribution, pore size and 
morphology) to their final performance (gas separation and selectivity), but there is a 
clear lack of studies dealing with supported CMSMs. Different techniques such as gas 
adsorption experiments, X-ray diffraction and molecular probes have traditionally been 
reported; however, in order to understand the material transformation, the formation of 
micro- and macropores and their relationship to total performance, it is important to 
analyse the supported carbon membrane on its original support. The influence of the 
porosity of the support on the overall performance has already been studied,[29,44] and 
new studies should focus on establishing the relationships between the structure of the 
membrane and its performance. The same techniques applied in support characterization 
can be valid for supported membranes. 
 
During the last decade, different approaches have been presented for characterizing 
ceramic supports. [84,85] Otero et al . [86] reported the use of liquid–liquid displacement 
porosimetry for determining the pore size distribution on ultra-filtration and 
nanofiltration membranes. Although this technique is still being standardised, it is 
important to note its non-destructive nature that makes it a potential candidate for 
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characterizing supported materials. This technique provided a pore size distribution that 
closely agreed with those recorded using more traditional approaches such as atomic 
force microscopy (AFM) and salt-retention experiments. This agreement makes liquid–
liquid displacement porosimetry a possible alternative to techniques such as microscopy 
in the characterisation of complete coated membranes in tubular ceramic materials. This 
is even more valuable given the problems that have been reported in using AFM or 
scanning probe microscopy (STM) to determine the pore size.[87] AFM problems are 
related to the intrinsic resolving power of the technique (AFM has only been used for 
visualizing large mesopores >10 nm), whereas STM problems can be caused by the low 
conductivity of some nanoporous carbon samples. 
 
Given the questions regarding the mechanical stability of carbon membranes in 
unsupported configurations, mechanical tests should be considered so as to make them 
reliable for industrial applications. There are only a few reports dealing with the 
characterization of the mechanical properties of tubular coated membranes. For this 
reason, the application of characterization methods used for other materials has been 
investigated. For example, Huang et al . [88] reported five methods for characterizing the 
adhesion of typical tubular composite palladium membranes in order to distinguish the 
adhesion between coating and support. These methods are as follows: the cross-cut test, 
the thermal shock test, the hydrogen embrittling test, the pull-off test and the pressure 
tolerating test. These studies confirmed that a porous support with a rougher surface and 
larger pores favours the adhesion of the coating membrane. 
 
Biesheuvel and Verweij[89] reported relationships between the tensile strength and the 
porous structure of the materials, and different pressures under test conditions. After 
determining the stress, they described the ceramic supports’ sintering temperature and 
its effect on the homogeneity of the material. They showed that it was large particles in 
particular that generated defects in the material, which in turn affected the mechanical 
behavior. All in all, there are not enough studies on mechanical property tests for the 
author to characterize the differences at a micro-porous level. The techniques usually 
reported for tubular ceramics can only serve as a guide when characterizing tubular 
supported materials. 
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FINAL REMARKS 
 
To summarize, the attempts to develop MRs have directed the research into new 
materials that are more competitive in performance than the traditional metallic (Pd) and 
inorganic ceramic membranes. Supported carbon membranes are a promising alternative 
in reactions where gas separation is needed, especially for high scale applications. 
However, in contrast with hollow fibre and planar membranes, carbon membranes are 
not easy to fabricate. It is necessary to understand how factors such as synthesis 
conditions, precursor selection, type of support, and fabrication method can influence 
the final structure of the CMSM, the permeation and selectivity of different-sized gases 
and the competitive adsorption characteristics during the separation of mixtures. 
 
There is a lack of non-destructive techniques for determining the macro- and 
microporous-structure and for characterizing all the mechanisms involved in the 
separation process of hybrid structures, this process being finally related to the type of 
graded structure that includes the membrane and its support. In addition, the asymmetric 
configuration is promising for all the different kinds of support modifications needed 
for higher values of flux and yield in MR applications. Finally, even this study has only 
focused on gas separation; research into CMSM development would bring new 
responses to other problems in the field of membranes such as water adsorption, 
separation of biomolecules and liquid/gas mixtures [90 – 92] where separation can be 
controlled by grading porosity of supported membranes. 
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Abstract 
Membrane reactors research has been focused on new membrane materials to be 
integrated in a compact configuration. Carbon membranes has been scarcelly explored 
in the past due to mechanical drawbacks. For this reason carbon membranes are 
recommended to be supported. However, this imply formation of defects which difficult   
MR applications. This chapter explore the main variables to be consider in development 
of carbon membranes mainly focused when the carbon material has to be supported. I 
fact, some applications are revised for macro and micro reactors. 
 
1. Introduction 
Membrane reaction processes are systems where the separation and the reaction are 
carried out simultaneously, and the continuous extraction of one of the products can 
shift the equilibrium which produce enhancement of yield and selectivity if compared 
with a traditional system [1]. The development of membrane reactors has been suited to 
innovations in membrane materials or catalysts. Specifically, in the case of membranes 
that the same type of materials used to obtain them can also be suited to support 
different catalysts. To think in the integration of the separation and catalysis functions, 
the porous membranes with permeance superior to dense membranes are preferred 
candidates for the application in membrane reactors, which include porous oxide, 
zeolite, glass, metal, and newly exploited carbon membranes. Although the carbon 
membranes are still in their infant stage and have some serious challenges such as weak 
mechanical strength for unsupported membranes and bad controllability and 
reproducibility of the fabrication for supported membranes, they are believed to be 
promising candidates for porous membrane based membrane reactors because the 
easiness for fabrication, low price for both fabrication and raw materials, molecular 
sieve separation effect, and high permeance [2-7]. 
Carbon membranes can be fabricated through the pyrolysis of polymer precursors. Their 
permeance and separation factors are better than those corresponding polymeric 
membranes from the same polymer precursors. The investigation of carbon membranes 
have mostly focused on the sheet, capillary, hollow fiber, and composite configurations. 
However, for large-scale applications the capillary or hollow fiber membranes are more  
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important due to their high packing density. For this reason, the first attempts to test 
carbon membrane reactors have been done using hollow fiber membranes for 
dehydrogenation reactions [8]. In fact, the integration of carbon membranes in 
membrane reactors took place from the same need to find alternatives to silica and 
zeolite membranes. However, very few attempts have been reported in the literature due 
to the infant development state of the carbon membranes. There are still some problems 
to be overcome, especially when the carbon membranes are supported on a second 
substrate with different compositions and structures in order to improve their 
mechanical strength. The crack, hydrothermal and mechanical resistance inevitably are 
resulted in. Moreover, the properties measured for the carbon membranes cannot be 
simply transferred to the carbon based membrane reactors like their competitive 
counterparts. Therefore, the fabrication of high-quality carbon membrane with 
controllable and reproducible technique and the exploration of the proper chemical 
reactions for carbon-based membrane reactors are the two key tasks for the development 
of the promising carbon based membrane reactors [5]. 
In this chapter, we first give an overview of carbon membrane materials (section 2) and 
the classification of carbon membranes (section 3). Then, the unsupported carbon 
membranes are discussed based on planar membranes and asymmetric hollow fiber 
membranes (section 4). In section 5, the supported carbon molecular sieve membranes 
(CMSs) membranes are reviewed in details based on the subsections of precursors, 
supports, fabrications, and problems. In section 6, the carbon-based membrane reactors 
are discussed in detail based on the topics of dehydrogenation reactions, hydration 
reactions, hydogen production reactions, H2O2 synthesis, bio-diesel synthesis, and new 
carbon membranes for carbon membrane reactors (CMRs). In the end, the new concept 
to use carbon membranes in microscale devices (micro carbon-based membrane reactor) 
is simply oultined (section 7).  
2. Carbon membrane materials 
Carbon is normally stabilized in various multi-atomic structures with different 
molecular configurations called allotropes. The three relatively well-known allotropes 
of carbon are amorphous carbon, graphite, and diamond. Once considered exotic, 
fullerenes are nowadays commonly synthesized and used, which include buckyballs, 
carbon nanotubes, carbon nanobuds and nanofibers. Several other exotic allotropes have 
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also been discovered, such as lonsdaleite, glassy carbon, carbon nanofoam and linear 
acetylenic carbon. Although, most the of carbon allotropes can be used as materials for 
the preparation of carbon membranes, the amorphous carbon and graphite related 
molecular configurations (as shown in Figure 1) have been most extensively 
investigated as carbon membrane materials [9].  
 
Figure 1 - Molecular configurations of (a) graphite structure and (b) amorphous carbon 
structure [9] 
 
Graphite has a layered, planar structure (Figure 1a). In each layer, the carbon atoms are 
arranged in a hexagonal lattice with separation of 0.142 nm, and the distance between 
planes is 0.335 nm. The two known forms of graphite, α (hexagonal) and β 
(rhombohedral), have very similar physical properties (except that the grapheme layers 
stack slightly differently). The hexagonal graphite may be either flat or buckled. The α 
form can be converted to the β form through mechanical treatment and the β form 
reverts to the α form when it is heated above 1300 °C. At normal pressures carbon takes 
the form of graphite, in which each atom is bonded trigonally to three others in a plane 
composed of fused hexagonal rings, just like those in aromatic hydrocarbons. The 
resulting network is 2-dimensional, and the resulting flat sheets are stacked and loosely 
bonded through weak van der Waals forces. After carbonization, an organic precursor 
can be converted into a material with higher carbon content. Below 1500 K there is a 
parallel alignment of molecules even though the structure of each hexagonal layer is not 
regular, which is favorable for formation of holes.  
The amorphous carbon (Figure 1b) is an assortment of carbon atoms in a non-
crystalline, irregular, and glassy state, which is essentially graphite but not held in a 
crystalline macrostructure. As with all glassy materials, some short-range order can be 
observed. It is the main constituent of substances such as charcoal, lampblack (soot) and 
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activated carbon. In a crystallographic sense, however, these materials are not truly 
amorphous, but are polycrystalline or nanocrystalline materials of graphite or diamond 
within an amorphous carbon matrix.  
For the purpose of this chapter we are focusing the carbon membrane materials with a 
turbostratic structure. This structure was considered in the past as amorphous carbon, 
which is not completely true. Nowadays, it is considered there are fundamental building 
blocks of so-called amorphous carbon and microcrystalline domains where hexagonal 
planes are not aligned but displaced from each other or overlapped, giving a high 
disorder character. In fact, there is a folding of hexagonal sheets which brings holes of 
size smaller than 2 nm [10]. The carbon  molecular sieves (CMS) are a kind of 
turbostratic carbon membranes materials with nanoporous structure that allow 
separation of molecules based on adsorption rate differences given by its size and shape 
[3]. Similarly, some obvious distinctions exist between CMS and zeolite materials. For 
example, CMS are mainly amorphous materials, but zeolites are crystallized materials. 
The structure of zeolites contains water of hydration that limits their application at high 
temperatures due to possible structure collapse. On the contrary, CMS do not have this 
characteristic, which makes it possible to apply CMS at high temperatures [3]. 
Furthermore, comparing with zeolites, CMS have other advantages such as good shape 
selectivity to planar molecules, high hydrophobicity, electrical neutrality, and synthesis 
feasibility [5]. 
CMS can be obtained from controlled pyrolysis of synthetic and natural precursors. In 
the case of synthetic precursors a large variety of polymers has been employed in the 
past. Although the high-quality CMS can be easily obtained from synthetic polymer, the 
cost of these synthetic polymers is very high comparing with the natural polymers, 
which makes the commercialization more intricate and expensive [3]. For this reason, in 
the case of air recovery through pressure swing adsoprtion, the adsorbents of CMS are 
obtained from cost-effective natural polymers instead of synthetic polymers. However, 
the avantages originating from pyrolysis of high-quality synthetic polymer, as e.g 
polyimides, impulse the use of these polymers over supports. Lower quantities of 
polymer can be used when the polymer is supported than in the case of self-supported 
membranes. The fabrication process of self-supported membranes, as in the case of 
hollow fibers, must imply the use of a large quantity of polymer for dope formulation, 
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which must be extruded for producing the asymmetric membrane (composed by the 
membrane itself but also by the self-supporting part). From this point of view, the 
application of CMS to carbon membrane separation and (macro and micro) carbon 
membrane reactors should be more promising. 
3. Carbon membrane classification 
Carbon membranes can be obtained after pyrolysis of corresponding polymer precursor 
membranes. The carbon membrane prepared by Koresh and Sofer et al. [11] is one of 
the earliest works in this topic. These membranes are important due to the improvement 
on the trade-off upper limit between permeability and selectivity compared with their 
polymer precursor membranes.  In this sense,  Singh-Ghosal and Koros [12] reported 
the Robeson´s plot (O2/N2 selectivity versus O2 permeability) for some carbon 
membranes and corresponding polymer membranes (Figure 2). It is obvious that the 
performance of carbon membranes is much better than that of corresponding polymer 
membranes. Moreover, the permeance of the carbon membranes depends on the surface 
characteristics and the interactions between pores and gas molecules rather than on the 
bulk properties for the polymer membranes. When carbon membranes separate 
molecules based on molecular sieving mechanism, the molecules have to overcome an 
energetic barrier created by the differences between pore dimension and gas molecules.  
 
Figure 2 - Robeson´s plot: literature data for O2/N2 selectivity versus O2 permeability 
related to polymeric and carbon membranes. (AP represent polymer precursor of PM 
carbon membranes) [12] 
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3.1 Classification by transport mechanism 
Carbon membranes have been extensively reported for gas separations [5], which can be 
classified on the basis of the main transport mechanisms. In the case of gas transport 
depending on the effective sizes of the gas molecules rather than on the adsorption 
effect, we talk about Molecular Sieves Carbon Membranes (MSCM) with pore sizes in 
the range of 3-5 Å. When gas permeation is governed by adsorption effects rather than 
the sizes of the gas molecules, we talk about Adsorption Selective Carbon Membranes 
(ASCM) with pore sizes in the range of 5-7 Å [13]. On the other hand, depending on 
both the pore size and the pore population, it is possible to find alternative transport 
mechanisms such as Knudsen diffusion and adsorption-surface diffusion etc. For 
Knudsen diffusion, the mean free path of gas molecules is larger than the pore sizes. 
Gas molecules diffuse through the pores in agreement with the concentration gradient 
while colliding with the pore walls. The diffusion flux is inversely dependent on the 
square root of molecular weight. This Knudsen diffusion mechanism occurs more often 
when pore sizes are in mesoporous range (2-50 nm) or the pore population is between 
meso- and macro-porosity. As for the adsorption-surface diffusion mechanism, the 
transport behaviour of gas molecules is mainly dominated by the properties of the pore 
surface. During transport, gas molecules can be adsorbed on the pore walls and diffuse 
on the surface, which depends on how strong one or more components are adsorbed on 
the surface. The adsorbed molecules can plug the pores avoiding the pass of their own 
molecules but allowing the pass of other species. 
 
3.2 Classification by configuration 
An alternative classification of carbon membranes is based on their configurations, 
which has described in Figure 3. It is clear that carbon membranes can be divided into 
supported and unsupported carbon membranes like most of the other membranes. The 
unsupported carbon membranes include the configurations of flat, capillary, and hollow 
fiber etc. The carbon membranes with this three configurations, especially the hollow 
fiber, sometimes can be fabricated with asymmetric structure with a thin separation 
layer (small pore size) and thick mechanical support layer (large pore size), which can 
also be called self-supported carbon membranes. In this chapter, we ascribed this 
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asymmetric structure to the supported one because at least two type of materials are 
involved. The unsupported carbon membranes are easy to fabricate and the membrane 
quality is easy to control and reproduce. However, the intrinsic weak mechanical 
strength of this kind of membranes greatly limits their practical applications. On the 
other hand, for the supported carbon membranes, we mainly focus on the configurations 
with thin top carbon separation layer supported on a porous substrate with strong 
mechanical strength and non-carbon compositions such as ceramic and glass substrates. 
The supported carbon membranes can be further divided into macro flat, micro flat, 
macro tube, and micro tube etc. It is easy to figure out that this kind of configuration 
can largely improve the mechanical strength and increase the membrane packing 
volume density. However, the fabrication of this kind of supported membranes still has 
a lot of challenges. It is difficult to obtain well-controlled and reproducible high-quality 
carbon membranes on foreign porous substrates. 
 
Figure 3 - Classification of Carbon membranes 
 
4. Unsupported carbon membranes 
4.1. Symmetric flat carbon membranes 
In the case of unsupported flat carbon membranes, Suda and Haraya [14] reported that 
the pyrolysis of Kapton polyimide at 1273 K can successfully result in high-quality 
carbon membranes. Kapton is one of the most studied materials for the fabrication of 
carbon membranes. The flat carbon membranes, obtained by pyrolyzing Kapton at the 
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temperatures range of 1073-1273 K, showed molecular sieving behaviour. They also 
observed the global amorphous nature of their carbon membrane and the increasing 
pyrolysis temperature increased crystalline domains, which was related to the decrease 
of permeability and the increase of permselectivity. These changes were coupled with 
the decrease of interplanar spacing (d002). They concluded that the contribution of the 
decreased interplanar spacing, which decreased amorphous zone, is the main reason for  
the increased microporosity in their carbon membranes. Suda and Haraya [15] explained 
the influences of pyrolysis conditions on tailoring the microstructure of their carbon 
membranes. The experimental parameters of pyrolysis temperature, pyrolysis 
atmosphere, and heating rate were confirmed to be the main variables for controlling the 
formation of pore structures. In addition, they also studied the effects of the three 
experimental variables on the pore population of the carbon membranes. This is another 
important property to affect the gas separation performance for carbon membranes. In 
fact, it is possible that a pore population obtained at a specific pyrolysis conditions can 
benefit to the separation for a couple of gases but not for some different gases with 
similar effective sizes.  
α4.2. Asymmetric carbon membranes 
Symmetric flat carbon membranes are good prototypes to study the relationship 
between the experimental conditions and the pore formation behavior and pore property  
in the carbon membranes. However, they are limited for industrial applications because 
of the low permeance and volume density, which can be improved by an alternative 
asymmetric geometry such as asymmetric capillary and hollow fiber membranes. 
Haraya et al. [2] fabricated asymmetric capillary CMS. They obtained asymmetric 
structure using phase inversion process through controlled coating polyamic acid (PA) 
membrane on a polytetrafluoroethylene (PTFE) micro tube. After polymer gelification 
in several liquid baths, the PTFE micro tube was removed and the PA capillary 
membrane was left, which was further imidized to Kapton membrane and pyrolyzed at 
1223K to form the final capillary carbon membranes. The structures of the resulted 
membranes were highly dependent on coagulation baths. Therefore, the thickness of 
dense layer and the pore sizes of membranes can be controlled using different baths. For 
example, the  membranes prepared in methanol bath showed a H2/N2 selectivity up to 
1080, while the lower H2/N2 selectivity of 95.9 was obtained for the membranes 
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prepared in water bath. However, the phase inversion technique for fabricating capillary 
carbon membranes showed a relatively low reproducibility. One of the reasons is that it 
is difficult to control the rapid formation of the dense layer, which is responsible for the 
separation performance. Moreover, this method allows the formation of large defects, 
which can decrease the separation performance of the asymmetric membranes. It should 
also be mentioned that this asymmetric configuration of capillary carbon membranes 
requires an important consideration of the technical machinery. 
5. Supported carbon membranes 
As an alternative to unsupported carbon membranes, the carbon separation layer can be 
supported on flat or tubular substrates to fabricate supported carbon membranes. In the 
case of supported membrane configuration, we have to consider the influence of the 
same experimental variables reported in symmetric unsupported flat carbon membranes 
(pyrolysis temperature, pyrolysis atmosphere, and heating rate). In addition, another 
experimental parameter of fabrication method have to be considered carefully because it 
can greatly influence the membrane nanostructure [16]. It is obvious that the supported 
carbon membranes have very good mechanical stability because the porous substrates of 
ceramic or metal with high mechanical strength are employed as the substrates. The 
special structure of the substrate makes membranes suitable for all types of combination 
of catalysts and carbon separation layers, which can greatly benefit to the application of 
membrane reactors. This concept is schematically described in Figure 4, which includes 
a microporous top layer and a bimodal catalytic support [17]. Therefore, both gas 
separation and catalytic reaction functions are combined together to form a membrane 
reactors. In the following parts we will introduce the most popular supported carbon 
membranes of CMS membrane on tubular substrates based on polymer precursors. 
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Figure 4  -Schematic concept of a bimodal catalytic membrane (microporous top layer 
coated on a bimodal catalytic support). [17] 
 
5.1 Polymer precursors 
As mentioned before, the carbon membranes can be fabricated through pyrolyzing the 
corresponding polymer precursor membrane at high temperature in a controlling 
atmosphere. For the selection of polymer precursors for the fabrication of carbon 
membranes, the choices have to be preferred to those polymers that show graphitization 
behavior. For example, commercial polyimides are chosen as polymer precursor for 
carbon membrane because they can change into highly crystallized graphite films after 
carbonization. Concerning to this idea, Shiflett and Foley [18] reported that differences 
in polymer structures can affect the degree of cross-linking in the char. At higher 
temperatures, the highly cross-linked polymer will not be suitable for graphitizing. This 
implies that some amorphous carbon can be available in the graphite domains in the 
turbostratic carbon structure as represented in Figure 5 [3]. The control of graphite 
domains is very important to tailor the pore size distribution of carbon membrane. 
Moreover, in addition to the polymer structure itself, the organization of the polymer 
during casting can also affect the final structure of carbon membrane. In this sense, 
Shao et al. [19] found that the polyimide films coated from polyimide solution with 
N,N-dimethylformamide as solvent has a crystallized structure. On the other hand, those 
polyimide films coated from polyimide solution with 1-methyl-2-pyrrolidone and 
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dichloromethane as solvents have an amorphous structure. For carbon membranes 
obtained from amorphous polymer films after pyrolyzing at 823K, the polymer structure 
determines the permeance of the resulted carbon membranes. However, at higher 
pyrolysis temperatures, the permeance of the resulted carbon membrane will be more 
influenced by pyrolysis conditions. 
 
Figure 5 - Schematic of folded graphite-like layers [3] 
 
The most commonly used polymer precursors for carbon membranes have been  
reported to be polyimides, polyfurfuryl alcohol, phenol formaldehyde resins, and 
cellulose. Their common characteristic is that they all don’t melt during pyrolysis at 
high temperature, which keeps their original shape and structure during the thermal 
heating and decomposition process. In this sense, the commercially available Matrimid 
and Kapton are the fully imidized polyimides with high Tg values. They don’t abruptly 
change their structure during pyrolysis. This important characteristic of these two 
polyimides has been extensively appreciated by some investigators in the fabrication of 
CMSM [2,19-21].  
As similar to considered in unsupported carbon membranes, pyrolysis temperature also 
influences the carbon structure of supported carbon membranes. Centeno et al. [22] 
studied the effect of pyrolysis temperature on permeance of phenolic resins supported 
on a ceramic tube. They showed how permeance decreases with increase of pyrolysis 
temperature after 973K. Between 973-1023K the membranes were highly effective for 
separation of absorbable and non-absorbable species which were considered as ASCM 
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instead of carbon molecular sieving membranes. Over 1073 K the carbon structure 
becomes more ordering which implies decrease of pore size causing molecular sieving 
behavior. 
Kusakabe et al. [23] coated a polyamic acid (PA) membrane on the outer surface of a 
porous alumina tube, which was later pyrolyzed at 873-1173 K and post-oxidized at 
673-773 K in series. They showed that the post-oxidation treatment combined with the 
normal thermal pyrolysis step increased the gas permeance of composite membranes. 
Instead of the PA precursors, Hayashi et al. [24] deposited a polyimide film on the outer 
surface of a porous alumina tube by dip-coating three times. After imidizied and 
pyrolyzed at 973-1073 K, the carbon membranes were fabricated on porous alumina 
tube. The enhancement of the volume of micropores accessible to smaller molecules has 
been observed. Hayashi et al. obtained an optimal pyrolysis temperature of 973 K and 
the maximum permeance was achieved. In order to improve selectivity, a carbon layer 
was further deposited on the resulted supported carbon membrane by chemical vapor 
deposition (CVD) of propylene at 923 K. The CVD process favors the deposition of 
carbon in micropores, which explained the increase of the selectivity of CO2/N2 from 47 
to 73. 
However, polyimide precursors are very expensive. In order to explore alternative cost-
effective polymer precursors, Fuertes and Centeno [25] spin-coated a polyetherimide 
film on a porous carbon disk. They used isopropanol as coagulation bath for the 
gelification of polyetherimide and obtained a defect-free membrane. After further 
plasticization by thermal treatment, the polymeric membrane minimally penetrates the 
porous substrate. The supported carbon membrane obtained through this process 
showed a molecular sieving behavior. In a successive work, the same investigators [26] 
started to use polyamic acid in the preparation of coated tubes. In that work, they 
reported the addition of an intermediate layer to the macroporous substrate in order to 
improve the substrate surface towards to achieve defect-free carbon membranes. The 
introduction of this intermediate layer allowed to decrease the pore size in the substrate. 
After 1-3 times coating all the resulted membranes were able to show ideal selectivity 
factors over Knudsen theoretical values. Moreover, the permeance also increased with 
the increasing operational temperature, which indicated all the membrane showed 
molecular sieving behavior.  
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5.2. Porous substrates 
In the design of the carbon supported membrane, the porous substrates have to be 
considered too. The most popular commercial porous substrates are porous stainless 
steel [27] and porous alumina [28]. The selection of substrate depends on the type of 
tight or connection of the membrane into the module. However, in both cases the 
macroporous structure can result in large defect on the supported carbon membrane. For 
this reason, some strategies have been considered to reduce this effect. In this sense, Liu 
et al. [28] modified the surface morphology of an alumina macroporous substrate by 
dip-coating in boehmite sol for several times. Merrit et al. [29] incorporated nanofillers 
into the pores of a porous stainless steel substrate to reduce pore size and much thinner 
carbon membrane was obtained on the modified substrate. The oxygen permeance 
increased in some degree without sacrificing selectivity. 
5.3. Fabrication techniques 
Once the polymer precursor and the porous substrate have been decided, we can go to 
the most important step of the fabrication of CMSM on the substrate. The fabrication 
technique must guaranty reproducibility and minimization of defects. The separation 
carbon layer has to be placed over a defect free substrate, otherwise all substrate defects 
can be copied to the coated carbon membrane, which in most cases can decrease the 
selective properties of the composite membrane.  In spite of the different strategies that 
can be considered on minimize defects on substrates, the fabrication techniques can also 
favor or minimize this problem. Table 1 resumes the most important methods reported 
in fabrication of CMSM supported as flat or tubes. 
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Table 1.Methods for the preparation of supported CMSM 
 
5.4. Technical challenges 
One of the common problems in fabrication of supported carbon membranes is related 
to cracks formation and minimization of defects producing after pyrolysis. Figure 6 
shows a supported carbon membrane obtained from a commercial polyimide Matrimid 
coated on a porous substrate after pyrolyzing at 973 K with a ramp rate of 2.5 K/min in 
N2 atmosphere. The differences of thermal expansion coefficients between substrate and 
coated polymer film during the heat pyrolysis created a lot of cracks in the resulted 
carbon membrane. Therefore, the selection of polymer precursor and the optimization of 
pyrolysis temperature and deposition parameters of polymer layer are believed to very 
important for avoiding such cracks.  
Method Support 
Coating 
times 
Thickness 
(µm) 
Max. 
pyrolysis 
temperature 
(K) 
Membrane 
position 
Reference 
Ultrasonic nozzle SS tube 3 15 ± 2 873 Outside [18] 
Dip coating Carbon support 1 35 1073 Inside [21] 
Dip coating + 
Spinning  
Ceramic  2 973-1273 Inside 
[22] 
Dip Coating + PP  α-alumina 3  973 Outside [ 24] 
Spinning coating 
Macroporous 
carbon disc 
1 or 3 2 1073 Outside 
[25] 
Ultrasonic spray  
+ rotation 
Sintered SS 1 -3  723  
[ 27] 
Sponge soaked 
+ Spinning 
α-Al2O3 modified 
by bohemite sol 1 - 3 4.7-13.9 873-973 Outside 
[28] 
Vapor deposition  γ-Al2O3/α-Al2O3 1 - 2 6 873 Outside     [ 30] 
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Figure 6 - Crack formation on carbon supported membrane 
 
6. Carbon-based membrane reactors (CMRs) 
Due to their molecular-sieving effect, carbon membranes show a high H2 selectivity and 
for this aspect they are considered a good candidate for hydrogen production via 
dehydrogenation reactions in CMR. In fact, CMR is one of the most promising 
applications of carbon membranes. Nevertheless, despite to the very high potentiality of 
CMRs, to the best of our knowledge only few works have been published in this 
specialised and very interesting field.  
6.1 Dehydrogenation reactions 
In 2000, Itoh and Haraya [8] constructed the first CMR and experimentally examine the 
performance of a dehydrogenation reaction in their CMR. Asymmetric polyimide 
hollow fiber were pyrolyzed in a vacuum oven at 1023 K in order to obtain hollow fiber 
carbon membranes. Their CMR consists of stainless steel in which 20 carbonized 
hollow fibres (0.295 mm diameter and 128 mm long) and catalyst pellets (0.5 wt.% 
Pt/Al2O3) were allocated. The reactor, used for cyclohexane dehydrogenation to 
benzene at 468 K, shows a fair improvement over equilibrium conversions. In details, 
the temperature dependency of the permeation rates shows that the carbon membrane 
has micropores with an average diameter close to those of the gas molecules and 
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therefore the permeation process is molecular-sieving controlled. The ideal H2/Ar 
separation factor (i.e. the ratio of permeation rates) shows a value of 53 at 448 K, and 
decreases with increasing temperature.  
Comparing with the traditional reactor, obviously higher cyclohexane to benzene 
conversion has been observed in the CMR. The conversion of 25-37% at 468K was 
obtained while keeping the pressure in the permeated side (H2 side) relatively high. On 
the other hand, while keeping the pressure in the permeated side relatively low, the 
conversion as high as 30-70 % was obtained,  which was ascribed to the larger amount 
of H2 permeated through the carbon membrane. The experimental results were also 
fitted with a simulated mathematical model, derived on the assumption of ideal flow. 
This assumption can effectively explain the experimental data within a limited range of 
the reaction condition. Beyond this range, however, the simulated predications deviated 
significantly from the experimenal results, which probably can be ascribed to the radial 
concentration polarization of H2 that reduced the conversion and the possible decrease 
of the catalyst activity occurred under lower H2 atmosphere. This preliminary simulated 
work evidenced that not only a more precise model, but also additional studies on the 
integration of carbon membrane and catalyst were needed. 
The dehydrogenation reaction has also been attempted by Sznejer and Sheintuch in 
2004 [31]. They constructed a CMR using a molecular-sieve carbon membrane and 
carried out dehydrogenation reactions. Their CMR was composed of 100 fibers with 
diameter of 100m and thicknes of 10m, which had a total membrane area of 150 
cm2. The catalyst pellets were loaded between the tube and the membrane module. In 
particular, the isobutane dehydrogenation on a chromia alumina catalyst was chosen as 
a model reaction. Following the simulated results summarized in Table 2, the 
conversions of isobutane in the plug flow reactor (PFR) mode and all the three CMR 
modes increase gradually with the increasing temperature. At certain temperature, the 
operation in the counter-current mode showed higher isobutane conversion than the 
operation in the co-current mode. The conversion values in the vacuum mode are pretty 
close to those in the coounter-currnt mode. 
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Table 2. Simulated conversion results at various temperatures and operation modes 
Temp. (K) PFR (%) 
CMR (%) 
Co-current Counter-current Vacuum 
723 18.6 48.7 52.1 53.9 
773 32.4 74.1 79.9 80.8 
623 49.6 89.7 95.1 95.1 
 
 
 On the other hand, the experimental results for PFR mode and CMR counter-current 
and vacuum modes are studied at different opeation tempeartures. The tempearture 
really showed a great effect on the isobutane conversion that almost no reaction 
occurred at relatively low temperatures. Although the higher temperature showed 
obvious enhancement of isobutane conversion, the reaction in CMR operation modes 
were not stable. Furthermore, the effection feed flux on the isobutane conversion were 
experimentally studied at 773 K and the results are shown in Figure 7.  
 
 
Figure 7 – Results from an experimental study of the effection feed flux on the 
isobutane conversion at 773 K [31] 
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For comparison, the simulated results for the CMR counter-current operation mode are 
also plotted in the same figure. It is evident that all the experimental and simulated 
conversions decrease gradually with the increasing feed flow, which can be ascribed to 
the decreasing contact time between the catalyst and the membrane because of the 
increasing feed flow (space velocity). As expected, the conversion of the PFR (i.e. no 
separation) shows the lowest values for each feed flow studied. The highest isobutane 
conversion was achieved in the sweep gas counter-current flow mode with a maximum 
of 85 % at 773 K. In the vacuum mode (no nitrogen transport and dilution effect), the 
isobutane conversions are lower than those in the sweeping gas mode (but still higher 
than that of 30% in the PFR) with a maximum of 40 % at 773 K. Nevertheless, in this 
case, no dilution occurs, so that all the improvement is due only to the H2 separation. 
Moreover, the discrepancy between the experimental results and the simulated 
predictions may result from the experimental factors or the assumed constant transport 
selectivities in simulation. A much deeper investigation on these aspects is required 
because, as stressed by the authors, the most important improvement should be in 
improving and understanding transport selectivity. Following the experimental results, 
the highly selective and relatively inexpensive molecular-sieve carbon membrane used 
by the authors can be considered a good candidate to be used in a MR at relatively high 
temperatures. 
Simultaneously, based on the same experimental studies, Sheintuch et al. studied the 
dehydrogenation of isobutane in CMRs from a modeling point of view [32]. In 
particular, they considered the separation in a membrane module either by maintaining 
the shell-side under lower pressure (or under vacuum) or by sweeping it with an inert 
gas. The main purpose of their work was to derive multi-component transport 
expressions from thermodynamics of molecular adsorption into and diffusion within the 
pores of the carbon membranes. Simultaneously, by comparing the simulation results 
with the experimental ones, the probability analysis of both transport multi-component 
single-file transport and single-component single-file transport in co- and counter-
diffusion modes was applied for the design of CMRs. Furthermore, in order to explain 
the dramatic change in permeabilities measured in counter-diffusion mode and those 
measured as single component, the factor of the measured pore size distribution was 
also included in their simulation work. The analysis was repeated for a family of 
parallel pores.  
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Simulated predictions and experiental results showed that good consistence for the the 
CMR performance obtained for a reaction coupled with separation by sweeping the 
hydrogen with nitrogen, but large discrepancy for a reaction coupled with vacuum-
driven separation. CMR performance in the former mode is better due to excellent 
transport selectivity, which was attributed to mutual blocking of counter-diffusion by 
nitrogen and hydrocarbons. 
6.2 Hydration reactions 
Later, the CMRs were also attempted to carry out homogeneous catalytic reaction e.g. 
hydration of propene. Lapkin et al. [33] prepared a carbon membrane from a 
macroporous phenolic resin and constructed a CMR for the hydration reaction. In this 
gas phase continuous catalytic membrane reactor, the flat carbon membrane was used as 
a contactor for carrying out reactions at high temperature and pressure. In particular, the 
hydration of propene, catalysed by an aqueous solution of phosphoric acid, was selected 
as a suitable model reaction. Olefin and water were fed separately in order to have an 
additional benefit of an increased alcohol concentration in the product stream due to the 
absence of steam in the propene feed.  
The membrane contactor type of reactor, fabricated from a porous carbon artefact, was 
used for solving the difficulties associated with the SLP (supported liquid phase) 
hydration catalyst, without introducing deleterious mass transfer resistances. In fact, the 
porous contactor is able to provide complete retention of the liquid catalyst, whereas the 
membrane reactor configuration serves for enabling the retention of catalyst. As it is 
well known, thermodynamic equilibrium between gas and liquid at the interface is 
influenced by chemical reaction, diffusion of products from the reaction zone and 
convective flow on either side of the membrane. In such a contactor-reactor with a 
porous membrane, an increase in the conversion is expected. In particular, the system 
was operated in a mass transfer limited regime. Moreover, periodic oscillation of 
transmembrane pressure reduced mass transfer resistance and improved the overall 
reactor performance. Another important aspect is related to the possibility to achieve a 
stable operation of the reactor at high operating pressures by tailoring the porous 
structure of the carbon membrane and coupling the reactor with an on-line feedback 
pressure controller. 
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The flat carbon membranes (diameter 31 mm; thickness 2-4 mm), used for carrying out 
experiments at 403 K and 2 MPa, were allocated in a stainless steel reactor. The 
experimental results of both CMR and a conventional SLP reactor were compared using 
the apparent rate of production (Rp in kgalcohol /m3membrane pore volume·h) of propan-2-ol. Rp 
depends on: the rate of reaction in the liquid phase; the rate of gas–liquid mass-transfer; 
the mass-transfer within the membrane; and the convective transport in the gas space 
above the membrane. Therefore, Rp does not directly correspond to the intrinsic rate of 
reaction. The best experimental measure of Rp was referred to equilibrium, estimated as 
the percentage of the vapour phase alcohol concentration compared with the equilibrium 
concentration of alcohol calculated from the reaction model.  
In the absence of any mass transfer resistances induced by the porous membrane, the 
continuous sweep of products in the gaseous phase effects a shift in thermodynamic 
equilibrium towards formation of alcohol. This was also demonstrated by the authors by 
introducing a convective mass transfer to the batch reaction model. In fact, a dynamic 
model of the reactor was also developed and the results of simulations were compared 
favourably with experiments and the performance of a commercially operated 
conventional reactor.  
Both experimental and simulation results showed that oscillation of transmembrane 
pressure significantly reduces the liquid phase mass transfer resistance. This aspect is 
considered to be very important for slow reactions, for which the volume of liquid 
catalyst is a more important parameter than the gas–liquid interfacial area, as indeed is 
the case for the hydration of propene. 
Feeding reagents separately to the contactor (propene fed as gas and water fed as liquid 
on the opposite sides of membrane) results in a lower concentration of water in the 
vapour products, which decreases the cost of downstream product separation. 
Among the various advantage of this hybrid configuration (e.g. the rates of alcohol 
production are satisfactory; the retention of catalyst and separation of product from the 
reaction mixture are important for industrial-scale operation; the carbon membranes 
used for the contactor are robust and are unaffected by the presence of a strong acid, 
such as phosphoric acid catalyst), must be also cited that the membrane preparation and 
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fabrication techniques can be optimised for reducing the mass transfer resistance in the 
liquid filled pores and consequently increase the yield of desired product.  
For commercial applications, the development of membranes in the form of monoliths 
or hollow fibre modules with considerably thinner walls than that of flat disk 
membranes is considered necessary, especially for a better shift in thermodynamic 
equilibrium. 
 
6.3 Hydrogen production reactions 
Zhang et al. [34] carried out the methanol steam reforming reaction, in both a MR and a 
conventional reactor for hydrogen production. The FBR and CMR consisted of a 
stainless steel tube and of a tubular carbon membrane, respectively, with the same i.d. of 
6 mm. The carbon membrane tube, a pinhole-free carbon composite membrane layer 
(thickness 20-30 m), was sealed inside a stainless steel tube (length 30 cm, i.d. 2 cm). 
In both reactors, 1.05 g of Cu/ZnO/Al2O3 catalyst pellets were packed in the reaction 
zone. Experimetnal parameters such as temperature, flow rate of carrier gas, and feed 
ratio were investigated to better understand the separation effect of hydrogen in the 
CMR on the methanol conversion and the product selectivity. The experimental results 
confirmed that both the methanol conversion and the H2 selectivity in th CMR are much 
better those in FBR at all the studied experimental conditions. On the other hand, if the 
overall yields of hydrogen were kept same in both the reactors, the higher hydrogen 
purity can be obtained using CMR. The main results are summarized in the following: 
(1) In both the CMR and FBR, the methanol conversion increases gradually with the 
increase in either the operation temperature or the feed ratio of H2O/CH3OH. 
The methanol conversion in the CMR is always higher than that in the FBR in 
all the studied temperature range, and the methanol conversion at 523 K in the 
CMR is as high as 99.9 %. 
(2) An increase in the carrier gas flow rate (only in CMR) increases the methanol 
conversion up to a plateau. 
(3) With regard to permeation selectivity in the CMR, the hydrogen selectivity is 97 
%. 
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(4) The CO yield in the CMR is always lower than that in the FBR in the all studied 
temperature range. 
 
Recently, the research group of Prof. Adelio Mendes (Portugal) [6, 7] studied two types 
of membranes a CMS and a Pd one for carrying out the methanol steam reforming in a 
MR. The potential advantages of CMS membranes over the palladium membranes to 
conduct the methanol steam reforming are related to very high permeabilities and 
hydrogen recovery; whereas Pd membranes are more expensive but exhibit much higher 
selectivity towards hydrogen. The authors’ main objective was to analyze in which 
conditions each of the membranes perform better than the other and also how both 
membranes can be integrated simultaneously in the same reactor in order to get a 
synergy. For these purposes, a 1-D comprehensive mathematical model of a packed-bed 
membrane reactor was developed for determining the effect of various parameters, such 
as the Da number, the reaction temperature and so on, on the methanol conversion, the 
carbon monoxide concentration in the hydrogen rich stream and the hydrogen recovery. 
The goal was to maximize the methanol conversion and the hydrogen recovery, while 
keeping the CO concentration at the permeate side below 10 ppm. The authors 
emphasized that carbon membrane allows the permeation of water depending on 
pressures and residence time while Pd membrane does allow this under any conditions. 
Depending on hydrogen pressure in retentate and membrane permeance, the water 
depletion can affect the final methanol conversion. In addition, they noticed that 
different properties of the carbon membranes can affect the hydrogen purity based on 
the different reaction rates. For example, if the reaction rates of the reactants in the 
retentate side are slow, the consumption of reactants can be affected by increasing water 
partial pressure. They did the analysis in the Da number and affirmed that it is possible 
to have an excess of steam and shift the steam reforming and water gas shift reactions 
towards to the production of hydrogen and to consumption of carbon monoxide for high 
hydrogen selectivity. Moreover, it was also established that, depending on Da numbers, 
the reaction rates could be too high to change the gas mixture composition at the 
reaction side due to the increasing of methanol conversion. They also mentioned a 
particular case that the reverse water gas shift reaction, producing carbon monoxide and 
decreasing hydrogen selectivity were determined by contact time and characteristics of 
the carbon membranes. The H2/CO reaction selectivity increases for the Pd-MR, 
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whereas an opposite effect for the CMS-MR is observed. Hydrogen recovery increases 
with and Da numbers for both MR, although the effect is almost unnoticeable for the 
Pd-MR and for low Da numbers. The CMS-MR presents higher hydrogen recovery than 
the Pd-MR at high hydrogen concentrations, and the Pd-MR proved to be more 
advantageous for lower hydrogen production rates. Finally, the Pd-MR performance is 
enhanced by high retentate pressures and low permeate pressures, while the CMS-MR 
performance is enhanced for intermediate values. Concerning the combination of 
“CMS+Pd membrane reactor”, it shows  some advantages towards the CMS-MR; 
specifically, higher hydrogen recovery is achieved, keeping the CO concentration at the 
permeate side below 10ppm. In comparison to the Pd-MR, this membrane combination 
allows the use of smaller membranes and higher feed flow rates, without prejudice of 
the membrane reactor performance. 
The reaction of methanol steam reforming was studied in a CMR over a commercial 
CuO/ZnO/Al2O3 catalyst by Sá et al [7]. A commercial CMSM was allocated in a CMR, 
which was operated at atmospheric pressure and with vacuum (15mbar) at the permeate 
side, at 473 K. High methanol conversion and hydrogen recovery were obtained with 
low carbon monoxide permeate concentrations. A sweep gas configuration was 
simulated with a 1-D model. The experimental mixed-gas permeance values at 473 K 
were used in a mathematical model that showed a good agreement with the 
experimental data. The advantages of using water as sweep gas were investigated in 
what concerns methanol conversion and hydrogen recovery. The concentration of 
carbon monoxide at the permeate side was under 20 ppm in all simulation runs. These 
results indicate that the permeate stream can be used to feed a polymer electrolyte 
membrane fuel cell. A good agreement between the mathematical model and the 
experimental data was observed. It was found that methanol conversion, hydrogen 
recovery and hydrogen yield are enhanced by lower feed flow rates due to higher 
residence times, with the drawback of higher production of carbon monoxide. The 
simulation study showed that using water as sweep gas brings several advantages. In 
addition to an increase in both methanol conversion and hydrogen recovery, the 
production of carbon monoxide decreases drastically. The results presented in this study 
confirm the potential of using methanol steam reforming in a CMR to produce 
humidified hydrogen directly usable for PEMFC applications. 
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Briceño et al. [35] prepared a carbon membrane starting from a polyimide material 
coated and pyrolyzed under N2 atmosphere on TiO2-ZrO2 macroporous tubes.  The 
supported carbon membrane was used for both to determine its permeation for low 
molecular weight gases such as H2, CH4, CO, N2 and CO2 and also for carrying out the 
methanol steam reforming in MR. As for the steam reforming of methanol, both the H2 
yields and the methanol conversions at different operation temperatures were compared 
respectively for the reactors of both TR and CMR (Table 3). The experimental data 
obtained in this preliminary study on the methanol steam reforming demonstrates the 
possible use of this type of carbon membrane in MR applications: both the yield and the 
methanol conversion of CMR are above those of the TR system. 
Table 3. H2 yield and methanol conversion versus temperature in both TR and CMR for 
steam reforming of methanol 
Temperature (K) Reactor H2 yield (%) Methanol 
conversion (%) 
473 
TR 64 43 
CMR 68 48 
498 
TR 70 45 
CMR 71 52 
523 
TR 72 49 
CMR 75 55 
 
6.4 H2O2 synthesis 
The research group coordinated by Prof. Gabriele Centi prepared a series of tubular 
catalytic membranes (TCMs) and tested in the direct synthesis of H2O2 [36-38]. Such 
TCM’s are asymmetric α-alumina mesoporous membranes supported on macroporous 
-alumina, either with a subsequent carbon coating or without, which were respectively 
named as carbon coated alumina membranes (CAMs) and α-Alumina asymmetric 
membranes (AAMs). For AAM, a dense Pd film was deposited on such supports by 
electroless plating deposition. After further thermal treatment in inert atmosphere at 773 
K, a surface with well developed large and ordered crystallites was obtained. For CAM, 
Pd catalyst was introduced by deposition–precipitation technique. The carbon 
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membrane layer of CAM possesses a high surface area and are micro- to meso-pores. 
Catalytic tests were carried out in a semi-batch re-circulating mode under very mild 
conditions. Concentrations as high as 250-300 ppm H2O2 were commonly achieved 
with both carbon membrane deposition and without carbon membrane deposition after 
6-7 h on stream. However, the H2O2 decomposition rate was particularly high in the 
presence of H2. CAM’s catalytic activity depended strongly on the Pd particle size, 
whereas well developed crystallites was necessary to improve catalytic activity of 
AAM’s. These features seem to indicate that a smooth metallic surface was necessary to 
improve catalytic activity. 
The preparation of a novel catalytic membrane system to be used in multiphase H2O2 
production have also been discussed in details by Tennison et al. in 2007 [39]. In their 
review, it was shown that it is possible to produce a membrane system that is potentially 
suitable to be used in both multiphase and gas phase membrane reactor systems based 
on a 2-layer ceramic substrate. Moreover, the performance is sensitive to the degree of 
perfection of the support. The carbon membrane deposited within the nanoporous layer 
of the substrate has the structure and surface area to enable high dispersions of catalyst 
metals to be achieved when oxidized in carbon dioxide that have shown good 
performance in the direct synthesis of H2O2. When prepared under nitrogen, despite the 
simple production route, the carbon membrane shows excellent gas separation 
characteristics. 
 
6.5 Bio-diesel synthesis 
Dubé et al. [40] studied the production of biodiesel in a semi-batch two-phase CMR 
using an acid- and a base-catalyzed transesterification of canola oil. Tubular carbon 
membranes (pore size 0.05 m, i.d. 6 mm, o.d. 8 mm, length 1200 mm) are used in the 
reactor for their stability at high temperatures and resistance to chemical attack. The 
methanol and sulfuric acid catalyst, after pre-mixing, were charged into the membrane 
module. The authors demonstrated that CMR is able to alleviate many of the difficulties 
related to the transesterification of triglycerides to FAME (fatty acid methyl esters). The 
tests were carried out in the CMR in semi-batch mode at 333, 338 and 343K and at 
different catalyst concentrations and feed flow rates. Increases in temperature, catalyst 
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concentration and feedstock (methanol/oil) flow rate significantly increased the 
conversion of oil to biodiesel. The novel reactor enabled the separation of reaction 
products (FAME/glycerol in methanol) from the original canola oil feed. The two-phase  
membrane reactor was particularly useful in removing unreacted canola oil from the 
FAME product yielding high purity biodiesel and shifting the reaction equilibrium to 
the product side. In this work was found that maintaining a 2-phase (emulsified) system 
in the MR inhibits the transfer of triglyceride and non-reacting lipids to the product 
stream.  The production of a triglyceride-free FAME leads to the production of high 
quality FAME. For this motive, the MR allowing a phase barrier which limits the 
presence of triglyceride and non-reacting lipids in the product, is highly desirable in 
maintaining quality assurance in the production of biodiesel. 
 
6.6 Development of new carbon membrane for CMRs 
More recently, Countinho et al. [4] prepared carbon membranes by pyrolysis of 
polyetherimide hollow fibers to be used as a catalyst or catalyst support as well as 
separation medium, raising reaction yield, selectivity and reducing the need for further 
separation steps. The authors investigated the pyrolysis process parameters as well as 
stabilization parameters to find an optimum condition for preparing polyetherimide 
based carbon membranes. The experimental results permitted the production of 
thermostable carbon hollow fibers and selection of best treatment conditions. In 
particular, when at the stabilization temperature > 773 K, an intensive degradation of 
the fiber was observed. An initial exposure to an oxidizing atmosphere seems to be 
fundamental in order to control the final membrane properties. In this atmosphere, 
heating rates as low as 1 K·min-1 during stabilization reduce cracks in the surface of 
final membranes. 
An excellent review concerning the fabrication of carbon membranes for gas separation 
as well as for membrane reactors was published by Saufi and Ismail [5]. Among the 
various aspects, some important key-points are resumed in the following: 
(1) The production of carbon membranes currently involves a very high cost 
(between one and three orders of magnitude greater than that of a typical 
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polymeric membrane). Therefore, carbon membranes must achieve a superior 
performance in order to compensate for their higher cost.  
(2) Optimization of fabrication parameters during the pyrolysis process is arguably 
the best way to achieve this goal and because of the large number of parameters 
involved, computer simulation will help in optimizing the pyrolysis process.  
(3) Once, a carbon membrane of high performance is produced, at first it is 
important to determine the effect of exposure to water vapor becaues it becomes 
quite important when the carbon membrane is commercialized.  
(4) Moreover, the humidity found in the ambient atmosphere can also have an 
adverse effect on carbon membrane performance. Therefore, the study of storage 
conditions for carbon membranes is also another important aspect to be 
considered. 
 
7. Micro carbon-based membrane reactors 
As mentioned in the previous sections, the porous carbon membrane materials can be 
supported on different substrates to form a supported carbon membrane, which can be 
used for gas separation or construction of membrane reactors for the improvement of 
reaction performance. The pyrolysis of the polymer precursor membrane with specific 
characteristics of graphitization and tunable pore size distributions for the fabrication of 
the carbon membranes can also be used in other important applications such as the 
carbon-based microporous devices. De Jong et al. [41] posed the need to find alternative 
materials for the fabrication of the porous microfluidic devices, which should provide 
the rapid screening of toxic or dangerous reactions in microscale. Moreover, the micro 
devices can save high-valued reactants because of the high compactness of the device. 
Therefore, in following parts of this section, we are going to give a simple overview on 
the carbon-based micro membrane reactors, a kind of micro devices. 
The micro devices with microchannels consisting of ceramic, polymer, and silicon  etc. 
have been extensively fabricated to provide spaces (the walls of microchannels) for the 
contact of the reactant and product. However, for further intensifying the reactor, the 
integration of separation function through the channel walls are believed to be very 
attractive. Therefore, we think that, by controlling the same experimental variables for 
the fabrication of the supported carbon membranes, it is also possible to design 
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microporous layers as the walls of the microchannels in micro devices for some specific 
applications. De Jong et al. also pointed the application of porous materials in 
membrane-based-gas-liquid contacting and porous channel emulsification for 
production of mono-dispersed droplets. In fact, Splinter et al. [42] have explored the 
fabrication of a porous silicon membrane doped with palladium for conversion of CO to 
CO2 at 140 ºC as component in gas sensor devices as shown in Figure 8, which is very 
good example of the integration of the porous membrane into the microreactors. 
 
Figure 8 - SEM cross-section of porous membrane reactor [42] 
 
In the case of carbon-based micro membrane reactors, the fabrication of the glassy 
carbon films has been reported by Schueller et al. [43] through molding a furfuryl 
alcohol modified resin. They put polymer precursor of polydimethylsiloxane (PDMS) in 
contact with a substrate with defined cavities or microchannels. Two techniques of 
MIMIC (micro molding in capillaries) and µTM (micro transfer molding) have been 
used for this fabrication. After a drop of polymer was added to one these structures, the 
fluid filled the channels. In both techniques, the polymer was cured with temperature 
and PDMS peeled off from the substrates leaving the tridimensional feature. After 
further treatments, the resin was converted to glassy carbon while keeping the shape. 
Moreover, these authors also reported that the use of the reactive ion etching technique 
to generate patterns on a glassy carbon surface. Figures 9 and 10 show a schematic 
view of the process and some details of the microstructure. These methods allow the 
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fabrication of microstructures of large area and high aspect ratio in short periods of 
time. 
 
Figure 9 - Schematic describing the preparation of a glassy carbon microstructure using 
a PDMS mold [43] 
 
 
 
Figure 10 - Close up of glassy carbon surface [43] 
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Fabrication of carbonaceous microstructures has been reported also by Malladi et al. 
[44] by spin-coating a SU-8 photoresist material on a Si wafer. The photoresist material 
is coated on a Si wafer under the UV mask that transfer the pattern, which undergoes 
pyrolysis at 900ºC in N2 atmosphere. This process allows the fabrication of suspended 
carbon microelectromechanical systems (C-MEMS), which are highly appreciated on 
sensor applications.  
To the best knowledge of these authors, there is not any micro device integrating carbon 
glassy carbon membranes. The nearest idea in membrane fabrication is the fabrication 
of a composite material proposed in the past by Carretero et al. [45]. They fabricated a 
microporous glassy carbon membrane infiltrated inside a mesoporous Al2O3 support. 
After dip-coating of a phenolic resin on the inner face of Al2O3 tubes, the composite 
membrane was cured in air at 170 ºC, and later at 700 ºC under N2 atmosphere to obtain 
the microporous structure. XRD pattern evidenced formation of graphite and graphite 
layer stacked in a disorder structure in unsupported samples of the pyrolyzed resin. The 
obtained membrane showed a decrease of permeability with molecular size of gases 
tested (H2, CO2, O2, N2) with values of 5·10-7-10·10-7 mol/m2·s·Pa 
8. Conclusions and future trends 
Although the carbon membranes are still in their infant stage and have some serious 
challenges such as weak mechanical strength for unsupported membranes and bad 
controllability and reproducibility of the fabrication for supported membranes, they are 
believed to be promising candidates for porous membrane based membrane reactors 
because the easiness for fabrication, low price for both fabrication and raw materials, 
molecular sieve separation effect, and high permeance.  
A turbostratic carbonaceous structure allows obtaining carbon membranes suitable for 
gas separation and membrane reactor. The pore size distribution and porosity of this 
kind of carbon membrane materials can be eaisly tailored by controlling the fabrication 
variables. There is an extended work developed on non-supported carbon membrane 
such as planar and asymmetric hollow fiber configurations. However, in order to 
consider the practical industrial applications they have to face the mechanical stability 
problem. In this sense, the fabrication of carbon thin films can be developed over 
substrates that bring them higher mechanical stability. However, the goal to achieve 
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supported carbon membranes has to face the problem of crack-formation. During the 
pyrolysis, the resulted carbon membrane from its polymer precursor has to achieve the 
turbostratic structure without cracks or defects. For example, for membrane fabrication 
the selection of the carbon membrane material has to consider the graphitization 
behaviour. Pyrolysis conditions as temperature and heating rate will determine the pore 
structure. It is also very important to consider the type of substrate because defects from 
the substrate’s surface can be transmitted to the supported polymer and later carbon 
membrane. On minimization of defects, the modification of the support and several 
coating steps are strategies to follow. 
The most important application for carbon membrane is to construct a carbon-based 
membrane reactor to carry out some special chemical reactions. The dehydrogenation 
reactions, hydration reactions, and hydrogen production reactions were commonly 
carried out in CMRs. The concept of separation of hydrogen, one of the products, in 
dehydrogenation and hydrogen production reactions, really shifted the reaction 
equibrium to the product side by increasing the conversions. However, the certainly the 
hydrogen selectivity and membrane stability needs further improvement to meet the 
reactions’ demand. Moreover, the simulated work was also tried and more rigorous new 
model needs to developed to described these membrane reactions process. The flat 
carbon membrane was also used as a contactor for carrying out hydration of propene. 
The carbon membrane contactor has the following advantages. The rates of alcohol 
production are satisfactory; the retention of catalyst and separation of product from the 
reaction mixture are important for industrial-scale operation; the carbon membranes 
used for the contactor are robust and are unaffected by the presence of a strong acid, 
such as phosphoric acid catalyst. For commercial applications, the development of 
carbon membranes in the form of monoliths or hollow fibre modules with considerably 
thinner walls than that of flat disk membranes is considered necessary, especially for a 
better shift in thermodynamic equilibrium. Furthermore, the reactions of H2O2 and bio-
diesel synthesis were also tried in the CMRs and exciting preliminary results have been 
obtained. Certainly more work needs to be done this research area. Simultaneously, the 
research about how to improve the fabrication of carbon membranes and make them 
suitable for application in CMRs were also tried and summarized.  
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Finally, the flexibility supported carbon membranes can present for membrane reactors 
in a high scale can be transfer to a micro scale. For this reason, as similar to silica 
materials, it is possible to achieve carbonaceous microstructures applying traditional 
microfabrication techniques reported using other materials. It is possible to achieve 
integration of carbonaceous microporous structures in small chips for micro reactions. 
Using PDMS moulding allows casting polymeric materials towards defined structures 
using mask that allow features with dimensions over 20µm. 
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Abstract 
A high molecular weight polyimide (Matrimid) was used as a precursor for fabricating 
supported carbon molecular sieve membranes without crack formation at 550-700 ºC 
pyrolysis temperature. A one-step polymer (polyimide) coating method as precursor of 
carbon layer was used without needing a prior modification of a TiO2 macroporous 
support. The following fabrication variables were optimized and studied to determine 
their effect on the carbon structure: polymeric solution concentration, solvent extraction, 
heating rate and pyrolysis temperature. Two techniques (Thermogravimetric analysis 
and Raman spectroscopy) were used to determine these effects on final carbon structure. 
Likewise, the effect of the support was also reported as an additional and important 
variable in the design of supported carbon membranes. Atomic force microscopy and 
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differential scanning calorimetry quantified the degree of influence. Pure gas 
permeation tests were performed using CH4, CO, CO2 and H2. The presence of a 
molecular sieving mechanism was confirmed after defects were plugged with PDMS 
solution at 12 wt%. Gas selectivities higher than Knudsen theoretical values were 
reached with membranes obtained over 650 ºC, showing as best values 4.46, 4.70 and 
10.62 for H2/N2, H2/CO and H2/CH4 ratio, respectively. Permeance values were over 
9.82·10-9 mol/m2·Pa·s during pure hydrogen permeation tests. 
1. Introduction 
The separation of gas mixtures represents a huge field in membrane technology. Natural 
gas processing, syngas production and conversion, CO2 separation and hydrogen 
purification are just a few of the industrial applications in which membranes are playing 
a growing role. In particular, the field of hydrogen purification requires membranes with 
high selectivity for separating hydrogen from other gas molecules. Different materials 
have been used for membranes manufacture in hydrogen separation area and particular 
attention has been paid for silica- and palladium-based membranes[1]. Silica membranes 
require many fabrication steps and careful control of dust conditions in clean room 
facilities, while palladium membranes are too expensive for large-scale applications. 
However, molecular sieve zeolite membranes have been also developed as an 
alternative for separating hydrogen from gas mixtures, but they are complex to fabricate 
and this limits their applicability. Carbon-based membranes are an interesting option for 
gas separation. The turbostratic structure of carbon molecular sieve membranes has 
been reported to provide good separation selectivity for permanent gases and among 
them, membranes obtained by the controlled pyrolysis of polyimides are the most 
promising [2,3]. Fully imidized polyimides with high glass transition temperatures (Tg), 
such as Matrimid and Kapton, are suitable polymer precursors because their structure 
gradually changes during carbonization; this is a key characteristic for obtaining defect-
free Carbon Molecular Sieve Membranes (CMSM) [4-6]. 
Carbon membranes can be tailored to accommodate the characteristics of the mixture to 
be processed. Mixtures of large hydrocarbons are better dealt with using adsorption-
selective carbon membranes having pore structures in the range of 5-7 Å [7], whereas 
small gases such as H2, N2, CO2, and CH4 require membranes with molecular sieving 
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mechanisms, which means that the pore size of the membrane has to be below 4 Å. 
Different studies have shown how it is possible to tailor the pore size of the carbon 
membranes by manipulating the pyrolysis conditions [7], in particular the temperature 
and pyrolysis rate. Other studies have addressed the influence of the polymeric 
precursor’s preparation conditions and thermal history on the distribution of pore sizes 
in the carbon material [8]. Most of these studies investigated non-supported flat 
membranes or hollow fibers, but different studies focused on supported membranes in 
which the influence of the supporting material plays a significant role and may led to 
the formation of defects and cracks in the selective carbon-based layer [6]. 
Fabrication of supported membranes is important for applications needing the 
combination of a highly hydrogen selective and permeable material with enhanced 
mechanical stability. Supported membranes offer more flexibility because both these 
requirements can be developed using different and optimized materials and/or 
technologies for the structural support and the selective layer [9]. This is the case, for 
instance, of catalytic membrane reactors [10], where highly selective supported 
membranes in tubular configuration are used to achieve optimal integration of the 
membrane and the catalyst [11]. 
Several methods have been considered for the fabrication of supported tubular carbon 
membranes, which are a type of asymmetric membranes [12-15]. These methods require 
multiple coating steps or carbonization cycles that increase the fabrication cost. 
Different strategies have been used to modify the support before applying the polymer 
precursor in order to achieve a defect-free membrane. Ceramic supports such as Al2O3 
have been modified with boehmite [12]; stainless-steel supports have been modified with 
nanofillers [16]. However, despite these strategies, particles may still be included and 
causing defects. This means that, in practice, both repeated coatings and clean room 
facilities are needed, as in the case of silica membranes [17].  
The technique of directly depositing a film of polymer to be used as a carbon precursor 
on the porous support is fraught with the same problems regarding most of other 
methods for fabricating composite membranes in which polymer concentration is 
essential for achieving defect-free membranes [18]. Determining how the fabrication 
variables affect the final structure of the membrane is important for pore tailoring, 
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especially when the membranes are intended for separating gases with similar kinetic 
diameters.  
The characterization of the obtained carbon material is also a key issue because it is not 
always straightforward to analyze real samples of supported carbon membranes. Some 
studies [6, 15] have investigated the relationships between the structure and the properties 
of supported carbon membranes in a configuration like to non-supported samples 
undergoing the same thermal treatment but without the support stage. However, the 
potential modifications made on the porous structure by the support, although 
presumably minimal, may be important if the membranes are used for separating gases 
whose kinetic diameters differ by only one tenth of a nanometer. 
The purpose of this paper is to describe a method for fabricating ceramic-supported 
CMSM for hydrogen separation/purification. Imidized Matrimid is deposited as the 
carbon precursor in a one-step coating method in a normal laboratory environment (i.e. 
without white-room facilities) and using unmodified inorganic supports. The influence 
of the main fabrication parameters on the structure of the supported carbon layer is 
investigated and discussed. The results support the potentiality of this simple and 
relatively fast procedure, which offers new ways of designing and directly 
characterizing supported carbon membranes for the separation of hydrogen mixtures. 
2. Materials and Methods 
2.1 Polymer Characterization 
Different polymer solutions were prepared as carbon precursors. Matrimid (3, 3', 4, 4'-
benzophenonetetracarboxylic dianhidride and diamino-phenylindane) from Huntsman 
Advanced Materials was used as the polyimide and 1-methyl-2- pyrrolidone (NMP) 
99.5% from Sigma-Aldrich was used as the solvent. Solutions of 2-20 wt% 
Matrimid/NMP were obtained. The viscosities of the polymer solutions were measured 
in a Hakke viscosimeter. 
The molecular weight of the polymer was determined by Gel Permeation 
Chromatography using a PL MIXED-C column (Polymer Labs, UK). Tetrahydrofuran 
(THF) at a flow rate of 1.0 mL/min was used as a solvent. The analyses were performed 
at room temperature in a Series 1200 Agilent HPLC chromatograph, in a multi-angle-
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light scattering detector from DAWN EOS Wyatt Tech, USA (wave length 658 nm) and 
in a RI detector ETA-2020 from Bures (DE, wave length 620 nm). The samples were 
analyzed at a concentration of 1 mg/mL. 
2.2 Fabrication of the carbon membrane precursor: polymer films 
Tubular ceramic membranes with a nominal cut-off of 1 kD (TAMI) were used as 
supports for the fabrication of the CMSM. The segments have length of 4 cm (o.d. 10 
mm, i.d. 5.6 mm) were made by TiO2 (4.5-5.5 µm) with a coating of ZrO2 (2-3 nm) on 
the inner surface. The porosity of the ceramic material was 20-28% according to the 
supplier’s specifications. The supports were ultrasonicated in methanol (99.8% from 
Fluka) and distilled water at 50:50 concentration in order to eliminate impurities from 
storage. To carry out the spinning coating process, the supports were mounted on a 
homemade coating device, rotated from 500 to 700 rpm. Approximately 3 g of polymer 
solution were loaded into a glass pipette and applied to the outer face of the ceramic 
element under rotation. Once the polymer layer was gelified, the rotation was stopped 
and the supports were placed in a vertical position for 24 h to allow a slow evaporation 
of the solvent. Different concentrations of polymeric solution were applied using an FEI 
Quanta 600 Environmental Scanning Electronic Microscope (ESEM) in order to study 
how these concentrations affected the thickness of the polymeric film. 
To determine the physical properties of the polymer without the support influence, 
around 2 g of 13 wt% polymer solution were loaded into a watch glass to prepare non-
supported polymer samples. Supported and non-supported films were placed in an air 
oven at 110 ºC for 24 hrs. The remaining solvent was extracted by washing in methanol 
for 48 h at room temperature. Methanol traces were finally eliminated after 3 h at 110 
ºC. 
Thermogravimetric analysis (TGA) was performed to determine the effect of the 
methanol immersion on the carbon structure of the non-supported polymer samples. 
TGA was performed under a constant flux of N2 at a heating rate of 10 ºC/min up to a 
final temperature of 900 ºC. The influence of methanol and the aging temperature in the 
range of 300-350 ºC on the structure of the carbon membranes was also monitored. 
Owing to the low crystallinity of the produced amorphous carbon materials, it was 
necessary to characterize the carbon structure using Raman analysis in order to 
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determine the Id and Ig peaks and, thus, finding the relationships between amorphous 
and graphite regions. Raman spectroscopy was performed using the 785 nm line of the 
diode laser of an INVIA microscope. The spectra were recorded in the range of 300-
2000 cm-1. The ratio of intensities within Id (1350 cm-1) and Ig (1580 cm-1) signals was 
determined and related to the disordered and graphite regions of the carbon material. 
The Id/Ig ratio was thought to be the reason for the changes in structure towards 
amorphous and graphite regions.  
2.3 Fabrication of the supported carbon membranes 
Once the polymer concentration has been optimized, the pyrolysis-supported polymer 
films were placed in an oven under N2 atmosphere (500 mL/min) at 2.5 ºC/min to 
determine the critical temperature for crack formation. The effect of methanol washing 
on the reduction of cracks formation was also studied. However, reproducibility was too 
low at the 2.5 ºC/min heating rate. Therefore, it was necessary to optimize this variable 
by using lower heating rates. Once the heating rate was optimized, the effect of the final 
pyrolysis temperature was studied. Supported carbon membranes were obtained at 550, 
650 and 700 ºC. To eliminate the existence of possible pinholes, the supported carbon 
membranes were dip-coated in PDMS solutions (Sylgard 184 silicone from Dow 
Corning) at 12 % w/w in n-hexane (99% from J.T Baker) at room temperature. After 20 
h immersion, the membranes were placed at 60 ºC in air for 30 min to encourage PDMS 
crosslinking and blocking of the pinholes. An FEI Quanta 600 Environmental Scanning 
Electron Microscope (ESEM) was used in backscattering mode to characterize the 
membrane morphology. 
2.4 Characterization of supported and non-supported carbon membranes. 
Supported and non-supported samples were characterized for analyzing the influence of 
the porous support on the structure of the carbon membrane. Polymer films were 
evaluated to determine the differences in their physical properties. Differential scanning 
calorimetry tests were carried out by using a Mettler-Toledo DSC821 with a heating 
rate of 10 ºC/min to evaluate Tg of the supported and non-supported polymer films. In 
most of cases, no transitions were observed during the first heating run; then, the glass-
transition temperatures were measured after a second run at 10 ºC/min.  
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A multimode atomic force microscope (AFM) with a nanoscope V controller (Brucker 
ASX, USA) was used to obtain images of the supported and non-supported samples. 
The images were recorded in tapping mode, at 1 Hz in air at room temperature. Silicon 
nitride cantilevers (NP-S, Brucker) with a nominal spring constant of 0.12 Nm-1 and a 
resonant frequency of 23 kHz were used. The AFM images were processed using the 
WSxM program [19]. The gold-coated back sides were cleaned in ethanol and acetone 
before use.  
2.5 Gas permeation tests 
The supported membranes were placed in a stainless steel module with Viton o-rings to 
carry out the gas permeation experiments. The polymer supported and carbon supported 
membranes were housed in a tubular shaped module (4 cm as a length, i.d. 1.10 cm and 
3 cm o.d.). A pure gas was supplied in the annulus of the membrane module at room 
temperature. The composition of the gaseous mixtures coming out from the membrane 
module was measured by a mass spectrometer (see Fig. 1).  
Mass flow controllers were used and supplied by Bronkhorst (0-100 NmL/min). Pure 
Ar, H2, CH4; CO2 and CO were supplied by the Air Liquid company and used to feed 
the membrane module from port 2 (see Fig. 1), while the retentate was directed to port 3 
and, then, into the atmosphere. A back pressure regulator at the retentate side was used 
to control the transmembrane pressure, keeping constant the permeate pressure between  
1.0-3.0 bar. A pressure test was performed for each specimen to reject those that had 
large defects. Ar was used as a sweep gas to fix the calibration curves of each single gas 
permeance before the permeation tests. Thus, each gas composition in the permeate 
stream was determined according to the previously established calibration curves. 
Permeance was measured at room temperature and 1.0 bar of transmembrane pressure 
difference and it was calculated as the ratio between pure gas permeating flux and the 
transmembrane pressure difference.
 
The error of measurement was in the order of 0.2 
%. Ideal selectivity was calculated as the ratio between the permeances of the pure 
gases. 
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Fig. 1 Experimental setup for gas permeation experiments  
2.6 Carbon structure characterization 
Having in mind to observe the influence of the pyrolysis temperature on pore structure, 
carbon membranes were scratched from the support and analyzed by Wide angle X-Ray 
Diffraction (WXRD), using a Bruker-AXS D8-Discover diffractometer. The X-ray 
diffractometer was operated at 40 kV and 40 mA to generate Cukα radiation. Interplanar 
d distance was determined with the help of software integrated into the equipment. In 
addition, adsorption-desorption analysis was also used to record changes in the carbon 
material. Isotherms were determined at different temperatures CO2 (273 K), CH4 (273 
K), H2 (77 K) using a home-made instrument. Before starting, the run samples were 
simultaneously heated and outgassed at 250 ºC for 4 hours. 
3. Results and Discussion 
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3.1 Characterization of the Matrimid solutions 
Gel permeation chromatography (GPC) analysis carried out with a light scattering 
detector determined a weight-average molecular weight (Mw) of 97800 g/mol and a 
polydispersity (Mw/Mn) of 1.64. Both values indicate a high molecular weight polymer 
and the presence of a fraction of a low molecular weight material in the commercial 
polyimide. In the specialized literature, it has been reported that materials with a Mw 
below 20000 g/mol are not useful for forming defect-free membranes [18]. The high 
molecular weight of this polymer makes it suitable for forming defect-free membranes 
after just one spin coating. The molecular weight of the polymer and its interaction with 
the solvent determine the hydrodynamic volume of the solvated polymer molecules. 
When polymer molecules have small solvated diameters or the polymer has a wide 
molecular weight distribution, capillary forces tend to pull the thin polymer solution 
into the pores of the support, thus disrupting the coating layer [18]. 
The high molecular weight of Matrimid gives high viscosity solutions at low 
polymer/solvent ratios. As shown in Table 1, the viscosity of the polymer solutions (3-
13 wt%) was in the range of 16 - 700 mPa·s. 
 
Table 1. Viscosity Matrimid/NMP polymeric solutions 
Concentration 
w.t% 
Viscosity  
mPa·s 
3 16 
10 230 
13 700 
16 * 
20 * 
*Not possible to determine a value. 
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Small variations in the polymer/solvent ratio produce large variations in the viscosity of 
the polymer solution, which is related to changes in the entanglement of the polymer 
chains during the deposition of the polymer on the ceramic support and its penetration 
into the porous structure. 
3.2 Influence of polymer concentration 
To encourage the formation of a stable layer of polymer on the ceramic support, the 
ceramic tube was mounted on an axis that rotated at a constant speed. This ensured that 
a film of regular thickness may be formed during the gelification of the polymeric 
solution. Firstly, the concentration of the polymer solution was investigated because this 
parameter controls the thickness of the film and, thus, influences crack formation [20]. It 
was observed that 3 and 10 wt % solutions infiltrated inside the porous of the ceramic 
support prevented the formation of a regular polymeric film. On the contrary, a 
concentration of 13 wt% obtained a film of regular thickness and smooth surface after 
gelification. By increasing the concentration to 16-20 wt %, polymeric films with 
fringes and an irregular surface during rotation and gelification were obtained, which in 
turn caused the formation of defects during pyrolysis, similar to the striations reported 
in the spin coating of polymeric films on planar supports [21].  Fig. 2 shows the 
formation of the polymeric film over the ceramic support for 3, 13 and 20 wt%. Fig. 2.A 
shows a transversal view of the ceramic support without polymer solution, while Fig. 
2.B provides a transversal view of the polymer deposited with a 3 wt% solution. Figs. 
2.C and 2.D show homogeneous polymeric films having thickness between 30 and 80 
µm and formed with polymer solutions of 13 and 20 wt%, respectively.  
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Fig. 2. Transversal photomicrography of the polymer films deposited on the ceramic support at 
different polymer concentrations (A untreated ceramic; B 3 wt%, C 13 wt%, and D 20 wt%) 
 
Figs. 3.B and 3.C show the surface of the films deposited using 13 wt% and 20 wt% 
solutions. These solutions cover the ceramic structure completely, whereas the porous 
ceramic structure is still visible after the deposition of the 3 wt% solution (Fig. 3A). In 
conclusion, the regularity and thickness of the polymeric film can be controlled by 
adjusting the concentration of the polymer solution, as it is the case for the procedures 
based on dip-coating [20].  
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Fig. 3 Surface photomicrography of the polymer films deposited on the ceramic support 
at different polymer concentrations (A = 3 wt%, B = 13 wt%, and C = 20 wt%) 
 
It is important to consider the relationship between the polymer concentration and the 
dimensions of the pores on the support (between 1-0.7 µm). Low concentrations created 
a low viscosity solution, which was thus better able to penetrate the large pores of the 
support. Otherwise, if the concentration was higher, the solution’s increased viscosity 
prevented it from penetrating the porous structure. The extent of the polymer 
penetration can be estimated by comparing the theoretical thickness of the polymeric 
film [22] with the real thickness observed by ESEM. The theoretical thickness was 
calculated using Equation 1, where W and S are the weight and the surface of the coated 
(cm) and non-coated membrane (nm), respectively, and ρp is the Matrimid density. This 
provides a theoretical thickness of 70 µm for the 13 wt% film. The observed thickness 
was between 30 and 40 µm, which indicates a high degree of polymer penetration. 
 
 (1) 
 
Differences in the concentration of the polymer deposited on the ceramic support induce 
differences in the structure of the carbon membranes obtained after pyrolysis [23] and 
this affects the permeation properties of the latter. As it has been established for non-
supported membranes [24], the degree of solvent elimination can influence the final 
structure of the membrane. The polymer concentration creates differences in thickness 
( / ) ( / )
cm cm nm nm
p
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=
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and affects the rate of solvent evaporation. The impact of this variable is discussed in 
the following analysis of both supported and non-supported membranes. 
Polymer concentration is also important in the formation of cracks. After pyrolysis at 
550 ºC, the 13 wt% films showed fewer cracks than the 16 and 20 wt% films. The 
samples obtained above 16 wt% showed cracks after pyrolysis along the entire length of 
the ceramic tube, which is probably caused by excessive thickness of the polymeric 
film. Above 16 wt% the polymeric film is more than 40 µm, the limiting thickness value 
reported by Shiflett and Foley for crack prevention [25]  
3.3 Critical temperature for crack formation 
 
To determine the critical temperature for crack formation, pyrolysis of the supported 
polymer films was performed at several temperatures using a constant heating rate of 
2.5 ºC/min. Fig. 4 shows how the polymer film was rearranged towards a more regular 
surface when the aging temperature was increased from 100 to 200 ºC. The increase in 
temperature caused cracks to appear above 420 ºC. This is in agreement with the 
temperature of 450 ºC at which low molecular weight gases began to evolve very 
rapidly during Matrimid carbonization [26].  
 
 
Fig 4. Progressive formation of cracks with pyrolysis temperature increasing at a 
heating rate of 2.5ºC/min. (A: 100ºC, B: 220ºC, C: 420ºC, D: 580ºC) 
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3.4 Influence of methanol washing on crack formation and carbon structure 
The formation of cracks appeared to be related to both the gases and the low molecular 
weight volatiles that were produced during pyrolysis. These were trapped inside the 
carbonizing polymer and produced fractures in the material when finally released. 
However, it is also possible that either the low molar mass compounds present in the 
polymer or the residual solvent trapped in the polymer film also contributed to crack 
formation upon volatilization. To test this, solvent traces in the polymer film were 
eliminated by intensive washing with methanol [27] after curing at 110 ºC for 24 hrs.  
Fig. 5 shows the TGA curves of Matrimid after methanol washing. It can be observed 
that there is no significant loss of mass between 200 and 550 ºC, once the low molar 
mass compounds and entrapped solvent have been removed by methanol washing. 
 
 
Fig. 5 Thermogravimetric analysis curves of a Matrimid powder (Original), cast 
membrane after 110 ºC, and a casted membrane after 110 ºC and methanol bath (110 ºC 
+ methanol) 
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Methanol washing raised the temperature at which cracks were formed. Fig. 6 shows 
real time ESEM imaging of crack formation on a supported polymer film after methanol 
washing, where cracks did not appear until 580 ºC at a heating rate of 2.5 ºC/min. 
 
 
Fig. 6. On-line ESEM imaging of the pyrolysis of a supported polymer film after 
ethanol washing (A: 100 ºC, B: 220 ºC, C: 420 ºC, D: 580 ºC) 
 
However, methanol can also act as a modifier of the polymer structure, thus influencing 
the final structure of the carbon membrane after pyrolysis [28,29]. Id/Ig ratios obtained 
from Raman spectroscopy were used to determine the ratio between disordered and 
organized phases of the carbon. Low values of Id/Ig correspond to graphitized carbons, 
while high values are for more amorphous carbons. Table 2 shows the influence of 
methanol on the carbon structure after pyrolysis at 900 ºC under nitrogen. Washed 
samples had higher Id/Ig ratios (1.76-1.9) than unwashed samples (1.37), suggesting a 
less organized carbon structure when methanol washing was applied. This may be 
related with the swelling of the Matrimid in contact with methanol, which seems to 
promote a less organized polymer pre-carbon structure. 
Table 2 also presents the effect of methanol washing when combined with aging at 300 
or 350 ºC (i.e. below and above Tg). The aging temperature did not induce significant 
differences in Id/Ig, but a significant effect was observed when methanol washing was 
performed. 
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Table 2.  Id/Ig values for carbon samples obtained after different treatments 
 
Sample nº Type of  Treatment Id/Ig 
1 24 hrs-25 ºC 110 ºC    900 ºC 1.37 
2 24 hrs-25 ºC 110 ºC CH3OH   900 ºC 1.9 
3 24 hrs-25 ºC 110 ºC CH3OH 3hrs-110 ºC  900 ºC 1.72 
4 24 hrs-25 ºC 110 ºC CH3OH 3hrs-110 ºC 300 ºC 900 ºC 1.79 
5 24 hrs-25 ºC 110 ºC CH3OH 3hrs-110 ºC 350  ºC 900 ºC 1.76 
6 24 hrs-25 ºC 110 ºC  3hrs-110 ºC 300 ºC 900 ºC 1.58 
7 24 hrs-25 ºC 110 ºC  3hrs-110 ºC 350 ºC 900 ºC 1.60 
 
3.5 Effect of heating rate and pyrolysis temperature 
Once the influence of polymer concentration and methanol washing was established, the 
heating rate was changed both to diminish crack formation and improve the 
reproducibility of the supported carbon membranes. A value of 1 ºC/min was finally 
adopted because lower heating rates did not lead to a significant improvement. The 
pyrolysis temperature was, then, varied to study the influence of temperature on the 
performance of the carbon membrane. At a heating rate of 1 ºC/min, it was possible to 
obtain supported crack-free carbon membranes at a pyrolysis temperature of up to 700 
ºC. This is a significant finding considering that other fabrication methods such as 
solution spray have only provided defect-free membranes below 600 ºC [15]. Fig. 7 
compares the TiO2 support and a supported carbon membrane obtained at a heating rate 
of 1 ºC/min and a final temperature of 700 ºC. From this figure, it is possible to observe 
than a carbon layer of 11 µm thickness was successfully formed over a porous inorganic 
support. 
 
 
 
UNIVERSITAT ROVIRA I VIRGILI 
CARBON MOLECULAR SIEVE MEMBRANES FOR GAS SEPARATION 
Kelly Cristina Briceño Mejías 
Dipòsit Legal: T 1057-2014 
 
 
Carbon Molecular Sieve Membranes for Gas Separation                            
86 
 
 
 
Fig. 7  Back scattering images of the ceramic support and a supported carbon membrane 
obtained at a heating rate of 1 ºC/min and a final temperature 
3.6 Influence of the support on the structure of the carbon membrane 
The separation of gas mixtures containing H2, CH4, CO and CO2 is a complex problem 
because of the similarities in molecular diameters. Good knowledge of the mechanisms 
involved in the development of the porous carbonaceous structure during the thermal 
decomposition of the polymer is needed in order to control the sizes of the pores in the 
membrane. A factor that may influence the development of the carbonaceous matrix is 
the interaction between the polymer and the ceramic support. Therefore, a series of 
experiments was performed in which samples of Matrimid, both non-supported and 
supported, were pyrolyzed under identical temperature and heating rate conditions, and 
the resulting carbon membranes were characterized using AFM and WXRD.  
The final structure of the carbon membrane is influenced by the structure of the polymer 
used as a precursor. Thermal curing of Matrimid below its glass transition temperature 
encourages the formation of charge transfer complexes that restrict the mobility of the 
polymer chains. The alternating sequence of the electron-rich donor and electron-
deficient acceptor molecules present in polyimides has been reported to depend on the 
fabrication method [30]. When the rings of donor and acceptor electrons are close to each 
other, this creates complexes that reduce chain mobility [31]. When the polymer is coated 
over a support, the interfacial stress between polymer and support reduces the Tg of the 
polymer [32], thus limiting the formation of complexes. Table 3 shows that the Tg of the 
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supported polymer film was lower than that of the non-supported material, thus showing 
the influence of the support-polymer interactions.  
Table 3. Glass transition temperature (Tg) of supported and non-supported Matrimid 
samples 
Sample Tg (ºC) 
Non-supported 335.41 
Supported 325.58 
 
Fabrication conditions may also influence the structure of the polymeric film [30]. 
Differences in thickness between spin-coated and non-supported samples and the time 
required to evaporate the solvent and for gelification may all influence the formation of 
charge transfer complexes. The presence of a porous support will favor the formation of 
thinner polymer layers because the polymer is better able to penetrate the pores of the 
support. Differences in the formation of a homogeneous polymer surface will create 
differences in carbon microstructure after pyrolysis. In addition to microporous 
domains, the carbonaceous structure may present sponge-like porous carbon, thus 
affecting the pore size distribution and permeability of the carbon membrane [23]. Our 
results suggest that a strong interaction between the polymer and the ceramic support 
leads to aggregation zones that compete with the formation of charge transfer 
complexes, thus limiting the arrangement of the polymer chains towards a compact 
structure, which in turn increases the free volume and decreases Tg. The formation of 
such domains can be inferred from AFM imaging of supported and non-supported 
samples (Fig. 8), which shows that the polymer is adapted to the structure of the 
ceramic support. 
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Fig. 8. AFM images of the ceramic support (left), the supported carbon membrane 
(center) and a non-supported carbon membrane (right). 
The structure was further investigated using WXRD and the main results are presented 
in Figs. 9 and 10. Temperature and support affect the interplanar distance spacing d 
calculated using Bragg´s equation (α = 2d sinθ, where α is the wavelength of X-rays 
and θ the diffraction angle). At 550 ºC, the broad peak at 22.4 Å shows  d spacing of 
4.83 Å and 5.03 Å for non-supported and supported carbon membranes, respectively, 
which reveals a structure that is more compact than that reported by Koros for a dense 
planar film of Matrimid (5.20 Å) [33]. The intensity of the peak is lower for the 
supported carbon membrane, which indicates that it has a less organized structure than 
non-supported films [34]. The difference in the d spacing of the graphite-like phase 
becomes smaller at higher pyrolysis temperatures. In fact, after pyrolysis at 850 ºC both 
supported and non-supported samples show similar values of d spacing, which were 
3.89 Å and 3.86 Å for non-supported and supported membranes, respectively. This 
shows that the amorphous phase becomes similar for both types of film regardless of the 
presence of the support. However, the presence of a graphite peak at 2θ = 43º (d = 3.35) 
[35]
 reveals the presence of organized graphite-like regions in the non-supported 
membrane that are not observed in its supported counterpart. Pyrolysis temperature 
decreases d spacing, thus causing narrower pore sizes and increasing selectivity. 
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Fig. 9 WXRD for carbon supported (C-S) and non-supported (C-NS) carbon 
membranes obtained at 550 ºC 
 
Fig. 10 WXRD for carbon supported (C-S) and non-supported (C-NS) carbon 
membranes obtained at 850 ºC 
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3.7   Permeance of supported carbon membranes 
The supported carbon membranes produced under the optimal fabrication conditions 
were tested to determine their gas permeances. Even though the membranes were free of 
observable cracks, there were still defects in the membranes and initial tests with pure 
gases revealed that the membranes’ permeance depended on them, having been 
fabricated under the correct pressure and with a high viscous flow. Indeed, this was due 
to the existence of small pinholes and microscopic imperfections that were caused by 
ambient dust particles during the membrane fabrication/preparation procedure. These 
particles contaminated the polymer film during deposition. Since clean room facilities 
were not available to manufacture the membranes, the carbon membranes were coated 
with PDMS to eliminate imperfections and pinholes [36-37].  
Fig. 11 shows the permeances of the gases at room temperature for the membranes 
obtained at different pyrolysis temperatures. In all cases, the permeance decreased in the 
order 550, 700, 650 ºC. Differences in permeance are determined by differences in the 
carbon microstructure that directly affect the transport mechanism of the membrane [38]. 
The high permeance at 550 ºC may be due to the existence of pores wider than those at 
650 ºC and 700 ºC. In fact, differences in pore characteristics make possible the 
predominance of different transport mechanisms on the membrane. The permeances of 
membranes pyrolyzed at 650 ºC depend on the kinetic diameter of the gases and this in 
turn confirms the presence of a molecular sieving mechanism in these membranes. 
However, this does not apply to membranes pyrolyzed at 700 and 550 ºC because the 
permeance of these membranes is not governed solely by the kinetic diameter of the 
gases. This was demonstrated by the fact that when these membranes were tested for 
CH4 permeance they showed a small deviation away from molecular sieving, which 
indicates that additional transport mechanisms coexist with the molecular sieving [37,38].  
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Fig. 11. Permeance values for supported carbon membranes at different pyrolysis 
temperatures  
Above 550 ºC, pores become smaller as the increased pyrolysis temperature shrinks the 
carbon structure. However, between 650 and 700 ºC there is a small increase in 
permeance related to the pyrolysis temperature that can be explained by an increase in 
pore size, an increase in the number of pores, or both of these factors [39]. Changes in the 
carbon structure were confirmed by adsorption-desorption analysis. Fig. 12 shows a 
decrease in adsorption for H2, CO2, and CH4 molecules above 550 ºC, which in turn 
indicates pore reduction. The hydrogen permeance values are significant being between 
9.82·10-9 mol/m2·Pa·s and 1.97·10-8 mol/m2·Pa·s for membranes obtained at 650 and 
700 ºC, respectively. These values are comparable to those reported at 40 ºC with 
hollow fiber membranes from Matrimid carbonized at 900 ºC using a different gas 
composition during pyrolysis,  in the range of 9.65·10-10 - 6.82·10-9 mol/m2·Pa·s [40]. 
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Fig. 12 Adsorption-desorption isotherms for supported carbon membranes at different 
pyrolysis temperatures 
 
As previously mentioned, differences in the carbon membrane structure cause 
differences in the transport mechanism and in the gas selectivities of pair analyzed (Fig. 
13). For membranes obtained at 550 ºC and for all pairs of gases analyzed, ideal 
selectivities were only slightly below the Knudsen theoretical values, which indicate 
that the PDMS coating was an effective treatment for plugging small cracks and defects 
in the carbon layer. Above 650 ºC, ideal selectivities were over the Knudsen theoretical 
values and this suggests that the gases were separated by molecular sieving. This is in 
agreement with the decrease in porosity and the change in the structure of the carbon 
membrane observed in the adsorption-desorption isotherms (Fig. 12). 
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Fig. 13 Ideal selectivity values for supported carbon membranes at different pyrolysis 
temperatures 
With the aim to compare the fabrication method with other reported in the literature, 
Table 4 reports some permeance and ideal selectivity values. It is clear that an 
additional research has to be done in order to improve the morphology of the carbon 
membranes. However, the method presented in this work can be considered promising 
for achieving competitive membranes for gas separation. 
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Table 4. References reported in the fabrication of asymmetric/supported carbon 
membranes. 
Membrane Type 
 Single gas permeance ·  10-10 (mol/m2·s·  Pa)  Ideal selectivity  Reference 
H2 CO2 N2 CO CH4 He He/N2 N2/CO2   
Hollow fiber 9.65-68 
 
0.36-0.904 
     
[40] 
          
Supported on 
tube 
177.7 44.90 
[41] 
 
4460 1100 
13200 5140 
          
Capillary CMSM 2.43-277 0.0033-2.01 [37] 
          
Disk-shapped 
supported 
64.4 245 3.8 
[42] 
 
6.9 72 10.5 
11.5 85 7.4 
0.2 27 136 
1.2 30.4 25.3 
          
Disk-shaped 
supported 80 20 5 
 
0.23 
 
16 
 
[43] 
 
          
Supported on 
tube 
409 65 213 
[25] 
17.5 0.28 
332 34 
6.05 0.183 
          
Supported on 
tube 
 
200 80 
    
40 [15] 
Supported on 
tube 98.2 41 22 21 9.31 
   
This work 
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4. Conclusions 
 
A simple one-step polymer coating for formation of the carbon layer has been 
developed to fabricate ceramic-supported carbon membranes without modifying the 
macroporous support. The thickness of the polymeric film and hence, the characteristics 
of the carbon membrane after pyrolysis were controlled by concentrating the polymer 
solution during deposition. Other parameters that affected the quality of the carbon 
membranes were washing the polymer film with methanol, aging the polymer after 
deposition, the heating rate and the final temperature during pyrolysis. Important 
differences were observed between supported and non-supported membranes and they 
showed that the polymer-support interactions make an important contribution to the 
properties of the carbon membrane. A pyrolysis temperature of 650 ºC gives a carbon 
membrane with a pure molecular sieving mechanism at room temperature. Permeance 
ranges from 9.82·10-9 mol/m2·Pa·s for H2 to 9.31·10-10 mol/m2·Pa·s for CH4, 
representing ideal gas selectivities of 2.37, 4.70 and 10.62 for H2/CO2, H2/CO and 
H2/CH4, respectively. 
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Abstract 
Carbon molecular sieve membranes have been analyzed in supported and unsupported 
configurations. Adsorption analysis of CO2, N2 and CH4 were performed in order to 
establish differences between the two types of samples. Experimental results show an 
important effect of the support, which can be considered as an additional parameter to 
tailor pore size on these carbon membranes. Immersion calorimetry measurements into 
liquids of different molecular dimensions ((dichloromethane, benzene, n-hexane, 2,2-
dimethyl-butane) were also performed. Similarities were found between adsorption and 
calorimetric analysis. The pore volume of samples analyzed ranged from 0.016 to 0.263 
cm3/g. The effect of the pyrolysis temperature, either 550ºC or 700ºC, under N2 
atmosphere was also analyzed.  Quantification of the pore size distribution of the 
support was done by LLDP (liquid-liquid displacement porosimetry). The composite 
membrane was considered for CO2/CH4 separation before and after pore plugging was 
done. The ideal selectivity factors value (4.47) was over Knudsen theoretical factor 
(0.60) for membrane pyrolyzed at 600ºC, thus indicating the potential application of 
these membranes in separation of low molecular weight gases. 
KEYWORDS: Carbon molecular sieve membranes, amorphous carbon characterization, 
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1. Introduction 
Carbon molecular sieve (CMS) materials have been employed in different gas 
separation applications [1]. Their turbostratic structure consists in an array of narrow 
constrictions at the entrance of micropores that are interconnected through a system of 
galleries allowing separation of molecules based on their different shape and/or size. 
The amorphous character of these materials allows gases to diffuse through the 
constrictions at different adsorption rate [2]. Extended applications of CMS have been 
reported in industrial separation processes, e.g. N2 separation from air [3, 4]. Their 
thermal stability and superior inertness when compared with other molecular sieves 
such as zeolites make them suitable for demanding applications, like those involving 
temperature and elevated partial pressure of water. Furthermore, synthesis of molecular 
sieves based on carbon is simpler and cheaper than those based on other materials such 
as zeolites, whose methods are intricate and require additional post-treatments steps [2]. 
Beyond their use as adsorbents CMS have been explored in the past for membrane 
applications (CMSM), building on the pioneering works of Rao [5] and Koresh [6].  
 
CMSM can be produced in different geometries – planar, hollow fiber and supported 
films – by pyrolysis of polymers at temperatures between 550-1000ºC [7]. The selection 
of membrane presentation depends on the final application of the membrane. Supported 
membranes are asymmetric structures that are preferred over the unsupported due to 
their superior mechanical properties. However, even when using the same precursor, 
membrane properties can largely vary depending on the preparation procedure used. For 
example, in their attempts to reduce the number of coatings, Fuertes and Centeno [8] 
reported differences between supported membranes obtained after 3 carbon-coating 
cycles and those obtained after deposition of three layers of the same precursor 
polyimide with a subsequent carbonization step. The latest sample exhibited higher 
permeation rates but lower selectivity compared to the former one. It is obvious that the 
way in which the carbon structure is formed depends on the coating procedure, thus 
producing differences on the properties of the carbon layer.  Singh-Goshal and Koros [9] 
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outlined that it is easier to compute entropic selectivity on dense symmetric films than 
in asymmetric membranes. 
 Identification of the carbon structure becomes more complex if variables often 
considered to affect the carbon structure of flat membranes have to be considered on 
asymmetric configurations. Vu et al. [10] confirmed an understandable decrease in the 
CO2 permeance values for CMS fibers (asymmetric membranes) after pyrolysis. On the 
contrary, permeance increased in planar films made from the same polymer 
(unsupported) following the same pyrolysis conditions. Apparently, when the polymer 
precursor is pyrolyzed in an asymmetric structure, as is the case of hollow fiber or 
supported samples, the carbonaceous structure obtained after pyrolysis becomes 
different from those samples obtained in a planar shape and dense film. It could be 
hypothesized that the presence of the support could determine differences in carbon 
structure due to carbon layer differences. 
The reasons explaining this difference have been scarcely explored in the past because it 
is not easy to characterize the changes in pore structure of these materials. In fact, 
characterization of unsupported carbon films has been used in the past to explain the 
morphological changes of its supported counterparts [8, 11]. However, little evidence has 
been shown in the past to understand the extent of this extrapolation. In addition, 
excluding permeance analysis, there are few studies that match the characterization of 
the overall supported membrane and its isolated carbon supported layer. 
The aim of this work is to find structural differences and similarities between carbon 
samples obtained in supported tubes and those obtained in unsupported planar 
configuration. The effect of coating layer on modification of a ceramic support has been 
explored using Liquid-Liquid Displacement Porosimetry (LLDP), a characterization 
technique that can distinguish active pores, thus contributing to actual flux, from those 
that do not actually interconnect both sides of the membrane. Although, it is not an 
objective of this work to propose a mechanism of carbon formation, a correlation has 
been found between the characteristics of the composite membrane and the structure of 
the carbon layer obtained. 
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2. Experimental 
2.1 Preparation of asymmetric carbon membranes 
The carbon precursor was a polymeric material called Matrimid (3,3',4,4'-
benzophenonetetracarboxylic dianhidride and diamino-phenylindane) from Huntsman 
Advanced Materials. The carbon precursor was dissolved on 1-methyl-2-pirrolydone 
(NMP) 99.5% (Sigma-Aldrich) at 13% w/w concentration. The solution was coated 
once with a pipette on a TiO2/ZrO2 macroporous ceramic support (Tami 1 kD 
membrane of 10 cm length x 4 cm outer radii) under rotation.  After controlled drying, 
polymer-coated supports were placed in an oven at 300ºC under air. This coated support 
was designated as supported (S) polymer (P), S_P300. In order to obtain carbon (C) 
supported samples two more membranes were prepared by using a higher pyrolysis 
temperature (550 and 700ºC), designated as S_C550 and S_C700, respectively.  The 
pyrolysis treatment was performed under a N2 atmosphere at a total flow of 500 mL/min 
using a heating rate of 1ºC/min. After carbonization and before any characterization, 
carbon materials were mechanically extracted from the tube using a manual drill. The 
samples were immersed in hydrofluoric acid (Sigma-Aldrich 48 wt %  in water) at 60ºC 
in order to eliminate TiO2 particles [12]. 
To compare supported with unsupported samples, a solution of the same concentration 
of polymer was casted on a glass support and the resulting film was pyrolyzed under the 
same experimental conditions described above. The unsupported (NS) samples were 
designed as NS_C550 and NS_C700 to identify those pyrolyzed at 550 and 700ºC. The 
morphology of the synthesized samples (supported and unsupported) was analyzed by 
scanning electron microscopy after sputtering with Au. 
2.2 Sorption measurements 
All materials were characterized by means of adsorption of probe molecules of different 
dimensions (CO2, CH4, and N2) at different temperatures (77 K for N2 and 273 K for 
CO2 and CH4). The respective kinetic dimensions diameters of the gases used were N2 
(0.36 nm), CO2 (0.33 nm) and CH4 (0.38 nm). Prior to the adsorption experiments, 
samples were outgassed under vacuum at 523 K for 4 h [13, 14]. 
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2.3 Immersion Calorimetry 
Immersion calorimetry measurements were performed at 303K into different liquids (n-
hexane (Aldrich, ≥ 97%), 2-methylpentane (Fluka, ≥ 99,5%) and 2,2 dimethylbutane 
(Aldrich, 99%)) using a Setaram C80D calorimeter. Previous to each experiment, the 
sample was outgassed under vacuum (10-3 Pa) at 523 K for 4 h in a glass bulb; the bulb 
was later sealed and placed into the calorimetric unit that contained the immersion 
liquid. Once thermal equilibrium was reached the bulb was broken allowing the liquid 
to penetrate into the bulb and be in contact with the sample. The heat released was 
followed as a function of time.  
2.4 Liquid-Liquid Displacement Porosimetry (LLDP) 
LLDP porosimetry was performed as shown elsewhere [15, 16]. Prior to be placed in the 
porosimetric cell, supported polymer and carbon membranes were cut into pieces of 4 
cm length that were sealed to both ends with a ceramic aspect enamel painting 
(Titanlux®) 24 hours before the porosimetric test. The liquid mixture used to perform 
the LLDP measurements was a mixture of Isobutanol/Methanol/Water (15:7:25 w/w). 
The separated aqueous-rich phase was drained off and used as the wetting liquid and the 
alcohol-rich phase was used as the displacing liquid. In order to achieve complete 
wetting of membrane samples, carbon supported membranes were immersed into the 
LLDP wetting phase for half-an-hour under vacuum (150 mmHg) at room temperature. 
Pore size was determined after pore depleting (flux-pressure plots). The mean pore size 
and the pore flow distribution of active pores were obtained from contributions to total 
flux, using an algorithm described in previous works [16]. From this flow distribution, 
and applying the Hagen-Poiseuille model for convective flow through capillary pores, 
flow distributions were converted into pore number distributions, which can be used to 
estimate the cut-off values of the analyzed membranes, as shown elsewhere [17].  
2.5 Permeance measurements 
Pure gases (CO2 and CH4) were fed into the module at a transmembrane pressure 
difference of 1 bar. Ar gas was used as a carrier and the gas composition at the exit was 
followed using a mass spectrometer. The permeance of supported carbon membranes 
was determined according to calibration curves previously established. A tubular 
stainless steel module, 63 mm length, o.d. 30 mm, i.d 12.2 mm containing the tubular 
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composite membrane was fitted with Viton o-rings that allowed the membrane housing 
in the module without leakage. In order to plug pinholes or defects in the composite 
membrane, supported carbon membranes were dip-coated on a 12% wt. polydimethyl 
siloxane (PDMS, Sylgard@ 10:1 precursor:catalyst) solution in n-hexane (Aldrich). 
3. Results and discussion 
The morphology of carbon membranes was analyzed with scanning electron 
microscopy. Fig 1 shows photomicrographs of unsupported samples obtained after 
pyrolysis of the polymer at 550ºC and 700ºC, respectively. Contrary to observations in 
supported samples (shown later in Fig 2), the unsupported membranes are very dense. 
On the contrary, supported samples exhibit a lower density due to the presence of big 
holes and cavities not observed on the unsupported configuration. Apparently, the 
supported carbon film keeps similarities with the porous structure of the inorganic 
support, as it seems to copy the surface structure.  
 
 
 
 
Fig 1 Unsupported carbon obtained at 550ºC (A) and 700ºC (B) 
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Fig 2 Supported carbon obtained at 550ºC (A) and 700ºC (B) 
3.1 Sorption measurements 
Sorption measurements were carried out to study the effect of the porous support on the 
textural properties of the carbon layer, as well as the effect of the pyrolysis temperature. 
Adsorption isotherms allow drawing conclusions about the porous structure of the 
material. The quantity of gas adsorbed by the adsorbent varies depending on the 
material structure and test conditions (pressure, temperature). The adsorption isotherms 
in microporous and mesoporous materials are well defined and they can be classified 
according to the IUPAC recommendation as type I, for purely microporous solids, and a 
combination of type I and IV for materials exhibiting both micro and mesoporosity[18].  
Eventually, deviations from these trends can be observed when the sample is not 
homogeneous or there are kinetic restrictions, i.e. cavities of molecular dimensions were 
probe molecules have problems of accessibility. This would imply that the desorption 
branch does not follow the path of the adsorption branch. In this sense, the use of 
different gases such as N2, CO2 and CH4, with differences in kinetic diameters, will 
allow extracting differences between materials porosity. 
N2 adsorption was null in the synthesized materials, both supported and unsupported, 
thus suggesting the presence of narrow constrictions inaccessible to nitrogen at 
cryogenic temperatures (77 K). A similar observation was reported by Favvas et al [19]. 
The dimensions of the pores and constrictions of these carbon molecular sieves must be 
comparable to the kinetic diameter of the N2 molecule and, consequently, the diffusion 
of this gas at cryogenic temperatures (77 K) is limited due to the very low rate of 
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activated adsorption producing no adsorption in the conventional time of measurement 
[21]
.  In fact, the presence of micropores is expected on the analyzed samples.  
 
Figs 3-4 show the adsorption isotherms of CO2 and CH4 for supported and unsupported 
samples at 273 K, respectively. The amount of gas adsorbed, expressed in mmol of gas 
adsorbed per gram of adsorbent, is plotted as function of equilibrium pressure. As 
expected, the adsorption capacity is larger in all samples for a smaller molecule such as 
CO2 compared to CH4, with a larger kinetic diameter. The adsorption of these two gases 
at 273K shows that the adsorption of N2 at 77K was kinetically restricted because of the 
low adsorption temperature, since the nitrogen molecule is smaller than methane. 
Furthermore, the isotherms for non-supported samples (Figure 3) are not reversible, 
exhibiting hysteresis, and this means that equilibrium is difficult to reach even at the 
high adsorption temperature of 273K, as expected in molecular sieves. When comparing 
supported and unsupported samples, the adsorption capacity is always lower in 
supported samples when using the same pyrolysis temperature, i.e. the presence of the 
support becomes detrimental for the final textural properties of the membrane. Finally, 
an increase in the pyrolysis temperature on supported samples (Fig 3) gives rise to a 
decrease in the total adsorption capacity for CO2 and CH4, whereas the opposite trend is 
observed for the unsupported configuration (fig 4). These results clearly suggest that i) 
the porous structure of the synthesized membranes highly depends on the presence of 
the underlying support, i.e. the presence of the support gives rise to a shrinkage of the 
porosity and, ii) the stability of these membranes towards an increase in the pyrolysis 
temperature is also highly sensible to the final conformation.  
The different effect of the pyrolysis temperature on the textural properties of supported 
and unsupported samples can be explained based on their morphological differences. 
SEM analysis described above showed that supported samples copied somehow the 
structure of the underlying support in contrast to the unsupported samples. Most 
probably, the asymmetric structure of the supported membrane also affects the narrow 
microporosity on the denser membrane, i.e. narrower micropores, compared to the 
unsupported configuration, i.e. differences not only in the morphology but also in the 
pore size distribution for each type of samples.  
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In unsupported samples the adsorption capacity increases with pyrolysis temperature 
this implying  an increase in the pore size and volume. For the same type of polyimide,  
Steel and Koros et al [22] reported an increase in the volume fraction of pores between 
0.4 < x < 0.68 nm when the final pyrolysis temperature was increased from 550 to 
800ºC. In fact, they reported an increase of the integral pore volume from 0.08 cm3/g at 
550ºC to 0.10 cm3/g at 800ºC and outlined the differences in pore size distribution for 
both types of temperatures. They also remarked pore volume values as the determinant 
factor on equilibrium sorption. Also in the analysis done with unsupported Kapton, 
Suda and Haraya [23] reported micropore volumes using sorption isotherms of probe 
molecules with different kinetic diameters. They observed a decrease in pore volume 
and pore size with an increase in the pyrolysis temperature. The pore volume changed 
from 0.22 cm3/g to 0.15 cm3/g when temperature changed from 600 to 1000ºC. The 
effect of pyrolysis temperature can differ even when considering the same type of 
polymer. For example, Lua and Su [24] reported an increase in CO2 uptake with 
pyrolysis temperature for Kapton polyimide membranes obtained between 550-1000ºC. 
In fact, they remarked that up to 600ºC, a large portion of micropores and mesopores 
are created but between 600-800ºC large pores shrink in parallel with formation of new 
micropores due to H2 evolution during this stage of pyrolysis.   
In the case of supported samples it is more common than reported for unsupported 
samples to find a maximum pyrolysis temperature for permeance increase. In the case of 
supported samples it is common to find an intermediate pyrolysis temperature that 
maximizes permeance. Above that pyrolysis temperature permeance and adsorption 
capacity decrease again implying a decrease in pore volume due to pore shrinkage. In 
this sense, Hayashi et al [25] reported an increase in permeance of CO2 for a supported 
film of polyimide BPDA-ODA (3,3',4,4'-biphenyltetracarboxylic dianhidride- 4,4'-
oxydianiline)  membrane after pyrolysis between 500-900ºC. Permeance reached a 
maximum at 650-700 ºC, and the maximum micropore volume was near 800ºC, with 
decreasing values above that temperature. 
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Fig 3 CH4 and CO2 adsorption–desorption isotherms for the different carbon non-
supported membranes obtained at 550ºC and 700 ºC pyrolysis temperatures. 
 
Similarly, Centeno et al [26] reported the development of pores near 500ºC and their 
subsequent enlargement between 700-800ºC when a phenolic resin was supported on a 
ceramic tubular porous support of 20 nm pore size diameter. Afterwards, pores suffered 
shrinkage and complete collapse near 1000ºC. Those results support the existence of an 
optimal temperature to maximize pore volume development, after which shrinkage or 
enlargements probably occurs. 
Differences on both types of membranes (supported vs. unsupported samples) can be 
observed in this work in close agreement with the literature. Moreover, these differences 
are more difficult to establish because they depend on the type of precursor. Suda and 
Haraya [23] already outlined that polyimide membranes could present a higher presence 
of amorphous regions or larger pores that could bring different structure and eventually 
different properties. Most probably unsupported samples must exhibit larger amorphous 
regions than supported samples. This effect is more important when pyrolysis 
temperature is also present. In both types of samples, the presence of hysteresis in the 
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adsorption isotherms reflects the presence of a heterogeneous porous structure with 
narrow constrictions, i.e. kinetic restrictions. A delay on desorption isotherms implies 
problems of equilibrium on the adsorption branch due to the presence of small 
pores/constrictions were the gas molecule has accessibility problems, the desorption 
branch requiring lower pressures. The reason that explains the differences between the 
two types of samples could be that for each system different pore size distributions 
determine the final adsorption-desorption capacities.  Steel and Koros [27] mentioned 
that there could be a tail of ultramicroporous pores in the size distribution that would 
determine the quantity of pores available for smallest molecules while rejecting those 
with higher dimensions.  
 
 
Fig 4 CH4 and CO2 adsorption–desorption isotherms for the different carbon supported 
membranes obtained at 550ºC and 700ºC pyrolysis temperature. 
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3.2 Immersion Calorimetry 
In order to achieve a detailed pore size characterization immersion calorimetry was 
performed into liquids of different molecular dimensions as DCM (0.33 nm); Bz (0.37 
nm), n-hx (0.43 nm) and 2-2 DMB (0.56 nm) [28]. As described in the previous section, 
molecular accessibility seems to be limited by the pore mouth on these carbon 
materials; an idea of the pore size, shape and pore volume can be extracted after 
calorimetric screening with several molecules of different molecular dimensions.  
Fig 5 shows that both unsupported and supported carbon samples exhibit micropores 
around or below 0.33 nm, which is reflected in a large heat of immersion into a small 
molecule such as dichloromethane. Increasing probe molecular size gives rise to a 
drastic decrease in the heat of immersion, i.e. a limited accessibility.  In this sense, non-
supported samples do not have microporosity above 0.43 nm due the low or null heat of 
immersion of these samples when using n-hexane as a probe molecule. On the contrary 
supported samples present some heat of immersion even for n-hexane, this meaning that 
the pore size of supported membranes is slightly wider than for the unsupported ones. 
For all types of samples studied the limiting pore size value is determined to be below 
0.56 due the small heat of immersion when using DMB in all the samples.    
Furthermore, it is interesting to highlight the nice agreement between the adsorption 
results when using small molecules such as CO2, with a kinetic diameter of 0.33 nm, 
and immersion calorimetry measurements using a molecule with similar dimensions as 
dichloromethane (0.33 nm). Taking into account that immersion calorimetric 
measurements are free of kinetic restrictions, the similarity between both measurements 
validates the adsorption results described above.   
For supported samples, an increase in the pyrolysis temperature gives rise to a decrease 
in the heat of interaction with DCM, in close agreement with CO2 adsorption results. On 
the other hand, when samples are unsupported an increase in the pyrolysis temperature 
produces an increase on the heat of interaction in the same way as the adsorption 
capacity does. 
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Fig. 5  Enthalpy of immersion (J/g) for the different supported and unsupported samples 
into liquids of different molecular dimensions (dichloromethane (DCM), benzene 
(BZN), n-hexane (N-HEX), 2,2-dimethyl-butane(DMB) 
 
It is important to outline that carbon materials usually exhibit slit-shape micropores. In 
this sense, immersion calorimetry into benzene can be used as an extra tool to discern 
the shape of the microporosity (either cylindrical or slit-shape). According to Fig 5, 
carbon materials, e.g. NS_C550, exhibit a gradual decrease in the heat of immersion 
from DCM (0.33 nm) to DMB (0.56 nm) passing through Bz (0.37 nm) but not through 
n-hex (0.43 nm). This behavior is due to the planar configuration of benzene when 
accessing the micropores in these carbon materials (benzene, a disc-shaped molecule 
has 0.37 nm in thickness and 0.57 nm in diameter), i.e. this is a confirmation of the slit-
shape configuration on these membranes (at least the supported membranes). For the 
unsupported samples this behavior was not identified distinctly although we would 
expect a similar shape.  
From the heat of immersion into DCM and after the appropriate calibration using a 
standard non-porous carbon, the accessible surface area for a given liquid can be 
calculated. Table 1 shows the values of the accessible surface area for DCM in all 
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carbon samples studied. As observed in adsorption analysis, the influence of pyrolysis 
temperature is not the same in both types of supported and unsupported samples. Table 
1 also reports micropore pore volume obtained after the CO2 isotherms using the DR 
model. Micropore volume decreases for supported samples volume after increasing 
pyrolysis temperature. On the contrary, it increases after an increase of pyrolysis 
temperature for unsupported samples. This would explain why adsorption capacity 
increases with pyrolysis temperature. On the contrary, supported samples decrease just 
slightly the pore volume after an increase of pyrolysis temperature; this should explain 
the decrease in adsorption capacity observed on the adsorption-isotherms curves. 
Supported samples exhibit a decrease in the accessible surface area after an increase of 
the pyrolysis conditions. Once again these results match with those observed by 
adsorption isotherms and calorimetry. 
Table 1 Area and pore volume of carbon samples determined by immersion 
calorimetry. 
Sample Area  
(m2/g) 
Micropore Volume  
(cm3/g) 
S_C550 488 0.017 
S_C700 236 0.016 
NS_C550 197 0.102 
NS_C700 374 0.263 
 
3.3  Modification and characterization of the macroporous structure 
In the last section the microporous character of the membranes was investigated by an 
analysis of the microporosity, which is the main parameter related to selectivity of 
carbon molecular sieve membranes. However, the support can affect the optimal 
performance of composite membranes.  For example, when membranes are considered 
for membrane reactors application equilibrium between selectivity and permeance can 
be significant in terms of production and gas recovery [29]. 
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CMSM have to be supported on ceramic or metallic supports to provide mechanical 
stability thus making them suitable for scaling-up. When a CMSM is pyrolyzed over 
porous supports, however, it is important to determine how the support influences the 
deposition of the polymer film and the resulting carbon layer. Depending on permeance 
it would be possible to manipulate the support during the fabrication process. However, 
few techniques allow a non-destructive characterization of composite membranes 
during fabrication due to limitations in their detection ranges. Liquid-liquid 
displacement porosimetry (LLDP) has been successfully used for characterization of 
tubular composite membranes [15] and it is a technique that allows a non-destructive 
characterization of planar or tubular supports. For this reason we considered this 
technique to observe the most important changes the ceramic TiO2 support suffers when 
polymer or carbon layers are added. The technique is based on applying increasing 
pressures of a displacing fluid which should be able to displace the wetting immiscible 
one from increasingly smaller pores. The relation between applied pressures, P, and 
radius of the pores successively being emptied, r, on each step pressure is given by the 
Cantor equation, which requires knowledge of the interfacial tension, γ, between 
wetting and displacing liquids. 
2P
r
γ
=
 
(1) 
Figure 6 presents the distribution of permeabilities versus pore size, which corresponds 
to the contribution (in percentage) of each pore size to the total permeability. It is 
possible to observe that for the uncoated support the total flux is mainly governed by 
pore sizes in the range 2.5-4 nm.  After application of the polymer layer aged at 300ºC 
the larger pores of the support are closed and a new population of pores in the range 2.1-
2.5 nm governs the flow. After pyrolysis of the supported polymer membrane the flux 
decreases further, thus indicating that it is governed by the pores with smallest sizes. 
These results agree with those reported by Sedigh et al [11] in the modification of an 
inorganic support with a carbon layer. They reported the decrease of pore sizes in the 
mesoporous region of the support from 5.4·10-9 m to 3.6·10-10 m after carbon layer 
coating as obtained by using N2 adsorption. Figure 6 shows that the decrease of the 
largest micropores depends on the pyrolysis temperature, in agreement with the results 
reported for unsupported carbon membranes [25]. Samples pyrolyzed at 550 ºC (2.3-2.6 
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nm) seems to present bigger micropores than those pyrolyzed at 700 ºC (1.7-2 nm). 
Even if this technique does not allow determination of ultramicropores, it is considered 
useful to determine the modification of the porosity of the support with polymer coating 
and carbon formation.  
 
Fig 6 Permeability distribution for a Tami Support non coated (S_NC) coated with 
polymer (S_P300), coated with carbon pyrolyzed at 550º (S_C550) and 700ºC 
(S_C700). 
Figure 7 shows the molecular weight cut-off (MWCO) estimation of an original support 
and a composite membrane at different stages (polymer and carbon). The MWCO of the 
TiO2 support was near 1600 Da, the difference with the nominal value reported by the 
manufacturer (1 kDa) attributable to the use of different measuring techniques. However 
the relative differences between the uncoated ceramic support and the coated elements 
were quantified. Once a polymer layer is applied, MWCO decreased because the larger 
pores in the support were blocked by the polymer. A new porosity is thus created on the 
ceramic support depending on the pyrolysis temperature, as already explained in terms 
of the pore size distributions. To summarize, the LLDP technique allows detection of 
the rearrangements in the structure of the support-coat ensemble due to the effect of 
pyrolysis temperature, and the consequent changes on porosity [26]. 
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Figure 7 Molecular cut-off for TiO2 support (S_NC), polymer supported membrane 
(S_P300), carbon supported membrane obtained at 550 and 700 ºC (S_C550, S_C700). 
3.4 Permeance and selectivity of carbon supported membranes 
 
LLDP quantifies pores on the mesoporous and microporous ranges. However, to 
observe potential application on gas separation it is necessary to plug big pores or 
possible defects that avoid effective CO2 and CH4 separation. Fig 8 shows permeance 
and selectivity values of two different types of supported carbon membranes with and 
without support interactions. In the case of supported carbon membranes obtained at 
550ºC, permeances of CO2 and CH4 were 3.84·10-8 and 6.15·10-8 mol/m2·Pa·s 
respectively. This corresponds to an ideal selectivity factor of 0.62, slightly above the 
theoretical Knudsen selectivity value (0.60). High permeance and low selectivity 
suggest presence of defects in the composite membrane. For this reason, Polydimethyl-
siloxane (PDMS) coating was applied onto the composite membranes.  
 
After pinholes or defect plugging with PDMS polymer, CO2 and CH4 permeance values 
decreased to 1.4·10-8 and 2.06·10-8 mol/m2·Pa·s respectively, with a small increase of 
the ideal selectivity factor to 0.68.  The reason of this behavior is that PDMS only plugs 
big defects leaving those pores with dimensions close those of CO2 and CH4 molecules 
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unaffected. However, at 550º microporosity formation is low while increasing 
temperature of pyrolysis increases microporosity. At 600ºC, PDMS plugging still 
produces low permeance values of 4.16·10-9 and 9.31·10-10 mol/m2·Pa·s for CO2 and 
CH4 respectively but a marked increase of the ideal selectivity factor to 4.47. Further 
increase of pyrolysis temperature would increase even more microporosity.  However, 
at 700ºC both permeance and ideal selectivity factor decrease compared with those for 
the 650ºC sample. This was attributed to pore collapse, as established by the 
characterization of supported carbon samples by adsorption isotherms and calorimetry. 
 
Fig  8  CO2 and CH4 permeance (bars) and ideal selectivity factors () for supported 
carbon samples obtained at 550ºC 600ºC and 700ºC. * denotes samples with an 
additional PDMS coating. Values measured at 23ºC and 1 bar. 
4. Conclusions 
Unsupported carbon membranes were produced at 550ºC and 700ºC. Adsorption-
desorption show that pore size increases with pyrolysis temperature. On the contrary, 
when the same polymer was coated on porous ceramic supports the pore and volume 
size decreased with pyrolysis temperature. Membranes on a porous support were prone 
to have an asymmetric structure that allowed a pore formation process differing from 
that obtained for dense membranes. The effect of these differences in the fabrication of 
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composite carbon supported membranes was monitored by LLDP as a non-destructible 
and fast characterization technique allowing a detailed characterization of the supports 
used. This information was completed with a not less detailed characterization of the 
pores of the carbon layer. In this case, immersion calorimetry allowed differentiation 
between supported and unsupported samples. There was an heterogeneous nature of the 
samples evidenced by different pore size distributions. The hysteresis found in both type 
of samples matched with the differences of heat of adsorption. Both temperature and the 
interactions with the support determined those differences.  
The carbon structure obtained on porous ceramic support at 500ºC was still incipient, 
and contained pinholes and defects that caused small separation factors. After pore 
plugging the effect of the defects was eliminated, and CO2/CH4 ideal separation 
selectivity rose above the theoretical values of a pure Knudsen-controlled transport. 
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Abstract 
Supported carbon membranes have been regarded as more competitive than traditional 
gas separation materials due to the versatile combination of different pyrolyzable 
polymers and supports which in turn leads to high separation factors and mechanical 
stability. In order to determine the extent to which supported carbon membranes are 
more competitive, the transport mechanism of supported carbon membranes was 
investigated in the range 32-150 ºC and 1-2.5 bar. Polyimide (Matrimid 5218) material 
was coated and pyrolyzed under N2 atmosphere on TiO2-ZrO2 macroporous tubes 
(Tami) that had not been structurally modified in any way. The supported carbon 
membrane was studied to determine its permeation for low molecular weight gases such 
as H2, CH4, CO, N2 and CO2. For these gases, the permeance of the composite 
supported carbon membranes obtained after pyrolysis at 550 ºC increased with inverse 
square root of molecular weight. The temperature dependence of the permeance was 
described using an Arrhenius law with the negative activation energies for hydrogen, 
carbon dioxide and nitrogen providing evidence of a non-activated process. The ideal 
separation selectivity computed from single gas measurements leads to values slightly 
lower than the Knudsen because of the influence of viscous flow. The coexistence of 
more than one transport mechanism in the composite membrane was confirmed. After 
plugging the possible defects with Polydimethylsiloxane (PDMS), the supported carbon 
UNIVERSITAT ROVIRA I VIRGILI 
CARBON MOLECULAR SIEVE MEMBRANES FOR GAS SEPARATION 
Kelly Cristina Briceño Mejías 
Dipòsit Legal: T 1057-2014 
 
 
128 
 
membranes obtained at a pyrolysis temperature of 650 ºC showed evidence of a 
molecular sieving mechanism. This paper shows the separation properties of a crack-
free supported carbon membrane obtained using a simple fabrication method that does 
not require modification of the mesoporous support. The permeance and selectivity 
values were compared with those of other hydrogen selective materials. Finally, the 
membranes were applied to methanol steam reforming (MSR).  
 
KEYWORDS: Supported carbon membranes, gas separation, hydrogen separation, 
molecular sieve membranes, Knudsen diffusion, membrane reactors 
 
1. Introduction 
A significant part of the scientific community is engaged in finding alternative solutions 
to the current energy and environmental problems. Hydrogen has been proposed as the 
main vector for achieving clean energy. It can be obtained by separating syngas in a 
coal-fired integrated gasification combined cycle (IGCC)[1]. Integrating membranes into 
gasification systems in order to separate hydrogen and CO2 uses less energy than 
traditional hydrogen purification technologies do. This system has a lot of hydrogen 
purification units; therefore, membrane separation units can be used strategically at 
different points of the cycle [2]. One of these, for example, is the water gas shift reaction 
(WGS), which can be coupled to traditional process units or more modern membrane 
reactors (MR). Membranes can be integrated into a membrane reactor (MR) after the 
retentate space has been packed with catalyst or being the membrane catalytic by itself 
[3]
. This configuration shifts the thermodynamic equilibrium towards the products whilst 
increasing conversion. Furthermore, obtaining membranes on an inorganic tube is 
useful for scaling-up applications. This forms a tubular composite membrane with an 
enhanced surface/area ratio of reaction due to the compact configuration. 
However, placing hydrogen separation membranes on inorganic supports is not a simple 
task because of the potential formation of defects. Hennis and Tripodi [4] demonstrated 
that is rather difficult to achieve an adequate thin skin without pinholes when coating a 
porous support. They highlighted the advantages of using thicker coatings over highly 
porous substrates to avoid the fabrication problems that occur with thinner layers. The 
effective separation in a resistant model (RM) membrane is determined principally by 
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the substrate and not by the coating, provided that porosity of the support is sufficiently 
high to allow a thick coating layer. This means that the performance of the composite 
membrane depends on the coating thickness matching the porosity of the support. By 
varying the thickness of the coating layer, differences in flux can be obtained on the 
same support. This is achieved by controlling the formation of the separation layers. 
Different structures and different transport mechanisms can be obtained that will define 
the separation properties and performance of the composite membrane. Moreover, 
membranes with similar compositions may have different capabilities depending on the 
final application.  
For example, Park et al. [5] have reported using stainless steel supported Knudsen 
membranes in a dimethyl ether (DME) reforming membrane reactor to produce 
hydrogen after modifying the stainless steel porous support with colloidal silica sol 
containing 1 nm sized silica spheres. They also modified the same type of support using 
boehmite and polymeric silica sol to obtain different membrane structures for methanol 
steam reforming (MSR) combined with WGS reaction [6]. They showed that the 
microporous structure does not favor high hydrogen recovery. Also, mesoporous and 
macroporous membranes do not favour efficient removal of CO because of their low 
separation properties. This suggests that controlling the membrane structure is very 
important because this determines the membrane’s corresponding transport mechanism. 
The types of transport mechanism for porous membranes are molecular diffusion and 
viscous flow (macropores and mesopores), Knudsen diffusion (mesopores), surface 
diffusion (mesopores and micropores) and activated diffusion (micropores) [3]. In order 
to choose the most suitable transport mechanism for a specific application, the 
structure–properties relationship of the composite membrane must be fully determined. 
However, most research on the use of membranes in MRs has studied membrane 
materials in terms of the selective layer and does not take into account the influence of 
the support [7].  A proper balance between selectivity and permeation has to be found for 
each type of gas separation application. 
Different materials have been considered for fabricating MRs and include metal [8], 
alumina [6] and zeolites [9]. However, some of these membranes are expensive (e.g. 
Pd[10]), require several fabrication steps in controlled conditions (e.g alumina [11]) or are 
difficult to synthesize (e.g. zeolites [12-13]). These drawbacks are especially evident when 
these materials have to be used in MR applications [12] because they need to be 
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supported in order to be mechanically stable. Consequently alternative materials must 
be obtained that enable good gas separation properties from simple fabrication methods. 
Carbon molecular sieve membranes (CMSM) obtained after polymer precursor 
pyrolysis have been extensively reported in gas separation applications [14-18].The 
excellent characteristics of these membranes in unsupported form can be maintained by 
controlling fabrication conditions such as pyrolysis temperature [16] and  heating rate [18]. 
Fabrication variables create different pore sizes and populations which direct different 
transport mechanisms such as molecular sieving, selective surface flow and the 
Knudsen mechanism [19-20]. Moreover, the fabrication method also influences the carbon 
structure, thereby affecting the membranes’ transport mechanism [15]. 
Despite the advantages reported for unsupported and supported CMSM in gases 
separation, they are not mechanically stable. They must be supported in order to 
overcome their mechanical instability and being suitable for industrial applications. 
Although, fabrication of supported membranes is not a simple matter, few examples 
successfully report their use in MR [21-22]. There are still some limitations to increase 
their applicability at high scale, as their hydrothermal stability at high temperatures. 
However, the development of a membrane combined with low temperature catalyst has 
opened up new opportunities for their use in MR configurations [6,23]. Moreover, 
fabricating carbon membranes over tubular supports for use in MR applications deals 
with the problem of how to obtain a membrane with no cracks or defects after polymer 
pyrolysis. This problem, which has been encountered when coating porous surfaces 
with inorganic layers [3], becomes critical in the case of gas separation, and strategies 
have been developed to solve it that involve using multiple coatings [24] or reducing the 
pore size of the mesoporous support with colloidal sol [25]. However, these strategies 
increase the cost of the membrane and its fabrication time.   
The main objective of this paper is to determine the permeation and selectivity 
properties of carbon molecular sieve membranes supported on macroporous tubular 
ceramics that are intended for hydrogen separation applications. In order to achieve high 
permeance values, the fabrication method presented here does not take into account any 
previous modification of the mesoporous support, which is a different approach from 
the traditional fabrication methods reported in bibliography. The transport mechanisms 
of pure gases frequently found in syngas mixture is related to the structure of the 
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composite membrane. The membrane performance includes the influence of the support 
before and after its defects have been plugged. This study aims to find a competitive 
way of applying carbon membrane supported membranes in a field traditionally 
dominated by alumina membranes [5,6,26]. The study also presents an application of MRs 
in methanol steam reforming. 
 
2. Experimental  
2.1 Preparation of the polymer solution and ceramic tube coating 
Matrimid solutions were prepared by dissolving 13 wt% of Matrimid in 1-methyl-2- 
pirrolydone (NMP) from Sigma-Aldrich for 4 hours with mechanical stirring. The 
mixture was maintained under a controlled vacuum to remove all air bubbles from the 
solution. Polymer supported membranes were prepared by distributing a uniform layer 
of the polymeric  solution over the external surface of a tubular ceramic support (1 kD 
membrane of 4 cm in length x 10 cm outer radii; Tami). The ceramic tube consisted of a 
TiO2 structure that supported a ZrO2 membrane located on the inner part of the tube. 
Table 1 shows the dimensions of the support’s pores and its internal layer. The support 
was mounted horizontally and rotated at constant speed during the deposition of the 
polymer solution. Around 3 g of polymeric solution were deposited with a pipette. The 
membranes were then aged at 110 ºC for 24 h, washed with methanol and then placed at 
300 ºC for 2 h in air atmosphere to allow slow removal of the solvent. 
Table 1. Parameters of the TiO2 ceramic support  
 
Pore diameter 
(ZrO2) 
(nm) 
Pore diameter 
(TiO2) 
(µm) 
Porosity 
(ZrO2/TiO2) 
2-3 4.5-5.5 20-28% 
 
2.2 Preparation of supported carbon membrane  
The supported carbon membranes were prepared after the polymer supported 
membranes had been placed inside a tube furnace. The polymer pyrolysis was 
performed following a temperature program up to 550, 650 and  700 ºC at a constant 
heating rate of 1ºC/min under a flow rate of 500 ml/min of nitrogen.  
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2.3 PDMS Coating of tubular ceramic supports 
Due to the high permeance of the original tubular supports, it was not possible to 
measure single gas permeance. For this reason the PDMS coating was optimized in 
order to obtain lower fluxes. A 12% wt polydimethyl siloxane (PDMS) (Sylgard@ 10:1 
precursor:catalyst) in n-heptane was applied to the raw ceramic tubes. Later this coating 
was applied to the supported carbon membranes in order to study the gas transport 
mechanism without support influence.  
2.4 Permeance measurements at room temperature 
Pure H2, N2, CO, CO2, CH4, were fed into the module at a transmembrane pressure 
difference of between 0.5 and 3 bar. Ar gas was used as a carrier to feed the sample to a 
mass spectrometer. The permeance of supported carbon membranes was determined 
according to previously established calibration curves. A tubular stainless steel module 
of 63 mm in length, o.d. 30 mm and i.d. 12.2 mm was used to contain the tubular 
composite membrane (Fig. 1). The membrane was fitted with Viton o-rings that allowed 
the membrane to be housed in the module without leakages. 
 
 
Fig. 1. Schematic view of carbon supported membrane in the permeation module 
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2.5 Permeance of supported carbon membranes at different temperatures 
Single gas permeation of a supported carbon membrane without PDMS coating was 
measured with pure H2, N2, CH4, CO, CO2 gases in the range of 26-150 ºC. The 
membrane was housed in the same module used in section 2.4. A single gas test was 
conducted using the pressure variation method, which involved controlling the pressure 
of the retentate after creating a pressure difference with the permeate side. The 
transmembrane pressure was varied in the range of 1-2.5 bar and the flux of the 
permeated gases was measured using a soap film flow-meter. The ideal selectivity of the 
membrane was defined as the ratio of hydrogen permeance to another pure gas 
permeance measured at the same transmembrane pressure and temperature.  
2.6 Membrane reactor tests 
The supported carbon membrane obtained after pyrolysis at 550ºC was inserted into the 
same MR module used in the gas permeation experiments (section 2.4). The tubular 
supported membrane was plugged from one side and reactants were fed by means of a 
stainless steel tube (o.d. 1/16 in., i.d. 1/40 in.) placed outside the membrane lumen. 
For the methanol steam reforming, membrane reactor catalyst pellets were carefully 
packed between the outer radii of the membrane and the inner radii of the reactor. 1 g of 
an ICI 83-3 (51%CuO, 31% ZnO, 18% Al2O3) catalyst purchased from Synetix (UK) 
was used in the methanol steam reforming experiments. The experiments were carried 
out in a reaction temperature range of 200-250 ºC and using a H2O/MeOH mixture with 
a molar ratio of 3, at a liquid feed flow rate of 0.03 mL/min. The H2O/MeOH mixture 
was evaporated in a preheating line. No sweep gas was used. The pressure difference 
was 2 bar.
 
Gas chromatography was used to analyze the concentrations of products and 
reactants in the retentate and permeate sides. Methanol conversion, hydrogen purity, 
yield and hydrogen selectivity in the membrane reactor were calculated according to 
equations (1) to (3). To calculate hydrogen yield, the molar flow rate of hydrogen 
produced was related to the maximum stoichiometric yield attainable by steam 
reforming (equation 4). 
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CH3OH + H2O = CO2 +3H2  (4)
 
 
 
The subscript “OUT” indicates the total outlet flow rate (for both the retentate and 
permeate sides) of each species while “IN” refers to the feed stream. 
In the case of the traditional reactor (TR), the permeate side of the MR was closed and 
the reaction was carried out under the same conditions of space velocity, pressure and 
temperature. 
The subscript “OUT” indicates the total outlet flow rate (for both the retentate and 
permeate sides) of each species while “IN” refers to the feed stream. 
In the case of the traditional reactor (TR), the permeate side of the MR was closed and 
the reaction was carried out under the same conditions of space velocity, pressure and 
temperature. 
3. Results and discusion 
3.1  Membrane permenace and selectivity of supported carbon membranes obtained at 
550ºC 
 
The permeance of supported carbon membranes obtained at 550ºC was evaluated for 
H2, CH4, CO, N2 and CO2 in order to determine their transport mechanism. Fig. 2 shows 
that the single gas permeance increases with the average pressure difference at 150 ºC. 
 
In the literature, the fact that permeance increases with the pressure difference has been 
reported as evidence of viscous flow [27]. This behaviour is also observed in inorganic 
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membranes as a consequence of defects or pinholes that occur during fabrication [28]. 
 
 
Fig 2 Permeance vs average pressure for a supported carbon membrane (150 ºC) 
Fig. 3 shows that permeance depends on the square root of the molecular weight of 
gases. A good fit to linear regression was obtained (r2=0,9779-0,9895), thus indicating 
the presence of the Knudsen diffusion mechanism. The Knudsen mechanism is 
therefore the main transport mechanism of the supported carbon membranes reported in 
this study. However, it is well known that Knudsen diffusion does not depend on 
temperature [29]. On the contrary, temperature influence is thought to cause a deviation 
from a pure Knudsen diffusion, especially at low temperatures, due to a possible 
adsorption effect at the pore walls [30]. Consequently, a more detailed analysis was 
carried out. The results of this analysis can be seen in Fig. 4, which shows permeance 
versus the inverse of square root of temperature. In this case, even though the fitting 
parameters are lower  (r2=0,8547-0,9063) than the previous ones, the influence of 
temperature on the whole transport mechanism of the membrane is still evident. 
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Fig 3   Gas permeance vs 1/sqrt(Mw)  for carbon supported membrane at different 
permeation temperatures (∆P= 1 bar). 
 
 
Fig 4 Gas permeance vs 1/sqrt(T) for a carbon membrane for different gases  
(∆P= 1 bar) 
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Temperature influence on permeance can be described using Arrhenius type 
dependency, as in equation (5) 
 
0
exp aEQ Q RT
 
−
=   
 
 
                              (5)
 
 
where Q is the gas permeance, Q0 the pre-exponential factor (mol/m2·s·Pa), Ea the 
activation energy (J/mol·K), R the gas constant and T the absolute temperature (K). 
 
In supported carbon membranes with molecular sieving behaviour, the activation energy 
parameter for the gases is positive because of the activated diffusion transport 
mechanism [31]. However, for the same group of gases, the activation energy can 
become negative if the interactions between gas molecules and pore walls are altered by 
changes in surface polarity, pore size dimension or pore population. Table 2 shows the 
pre-exponential term and  negative  activation energy calculated for  H2, CH4, CO, N2 
and CO2. These data are compatible with non-activated transport mechanisms [28] and 
are comparable to those reported by Kusakabe[32] regarding a surface diffusion 
mechanism for carbonized polycarbosilane supported on alumina membranes, and those 
reported by Richard et al. [28] for a microporous silica membrane with a predominant 
Knudsen mechanism.  
 
Table  2. Arrhenius coeficient for a supported carbon membrane at ∆P= 1 bar   
 
Gas Pre-exponential factor 
(mol/m2·s·Pa) 
Activation energy (Ea) 
kJ /mol 
H2 2.03E-08 
 
- 4.07 
 
CH4 8.30E-09 
 
- 4.78 
 
CO 6.10E-09 
 
- 4.66 
 
N2 6.41E-09 
 
- 4.54 
 
CO2 6.08E-09 
 
- 4.43 
 
 
From the previous data we may conclude that at least three transport mechanisms 
coexisted in the supported carbon membranes reported in this study, these being: 
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Knudsen, viscous flow and surface difusion. The coexistence of more than one transport 
mechanism has been reported, for example, in asymmetric hollow fiber membranes 
[33,34]
. Knudsen and viscous flows are related to the mesoporous part of the structure, 
while surface diffusion is closely related to the effect of temperature on the microporous 
domain. Depending on the size of the gas molecules and the size of the membrane 
pores, this effect can involve activated or non-activated diffusion. In the present study, 
Fig. 4 shows a change of slope at T -1/2 = 0.054 K -1/2 which corresponds to  60 ºC.  Liu 
et al. [35] reported  50ºC as a limiting temperature where both gas adsorption and 
diffusion coexist, with adsorption being predominant at the lowest temperature.   
 
The effect of permeance temperature on the transport mechanism of supported carbon 
membranes became more evident when the ideal selectivity factors are analyzed. Fig. 5 
shows how the ideal selectivity factor for different pairs of gases depended on 
temperature. Ideal selectivity factors computed from single gas permeation values were 
similar for most of the pairs of gases analyzed, with exception of the H2/CO2 pair. This 
is due to the marked surface adsorption of CO2 at low temperatures.  
 
The influence of pressure on the transport mechanism of this type of membrane was 
also studied. A comparison of Fig. 5 and Fig. 6 shows small fluctuations from ideal 
selectivity values below 60 ºC for H2/CH4, H2/CO, and H2/N2. Surface diffusion effects 
for highly condensable gases such as CH4 and CO2 are to be expected. Therefore, it is 
important to outline the small contribution made by surface diffusion to the overall 
transport mechanism of the membrane. The transport mechanisms for the different types 
of gas are highly influenced by the pore size. 
 
We compared the single gas permeance values of supported carbon membranes 
measured at 150ºC in the present study with those obtained by Fuertes and Centeno[24] 
after they had made an initial coating of a carbon layer over a macroporous carbon 
support modified with an intermediate carbon layer. They reported values of 1.19·10-8 
and 8.2·10-9 mol/m2·Pa·s for CO2 and CH4 respectively and an Ideal Selectivity Factor 
(ISF) of CO2/CH4 = 1.45. In the present study , the support was not modified and these 
gases show higher permeance values of 1.26·10-8 and 1.86·10-8 mol/m2·Pa·s  and a 
lower ISF of 0.68, which is still above the Knudsen theoretical value of 0.60. We also 
compared the single permeance values for H2 and N2 reported by Shiflett and Foley [36].  
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Fig. 5 Ideal selectivity factor vs permeation temperature for different pair of gases at 
∆P= 0.5 bar (empty symbols= Ideal Knudsen theoretical values) 
 
Fig 6 Ideal selectivity factor vs permeation temperature for different couples of gases at 
∆P= 2.5 bar (empty symbols= Ideal Knudsen theoretical values) 
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They reported values of 4.09·10-8 and 6.5·10-9 mol/m2·Pa·s and an ISF of 6.3 for a 
supported carbon membrane placed over a stainless steel tube by ultrasonic deposition 
of the polymer solution. In contrast, we obtained a permeance of 6.25·10-8  mol/m2·Pa·s  
for H2 and 2.37·10-8 mol/m2·Pa·s  for N2 and an ISF of 2.64, which was  slightly lower 
than the Knudsen theoretical value of 2.65. These results are important because there is 
no report in the literature of any modification of the macroporous support or simple 
fabrication method that achieves comparable results. In addition, it is important to 
mention that the membrane compared with those studies was obtained at a pyrolysis 
temperature of 550ºC. As  the next section will show, these values can be improved by 
using a different pyrolisis temperature and an alternative strategy to reduce the influence 
of defects. 
3.2 Molecular sieving behavior of supported carbon membranes after PDMS coating 
In order to observe which type of transport mechanism was present in the raw support 
when there was no influence from pinhole defects, a 12% wt PDMS coating was 
optimized in original ceramic tubes and then applied to the supported carbon 
membranes obtained at different pyrolysis temperatures. PDMS is a rubber material 
with low selectivity and high permeability due to the high flexibility of its siloxane 
linkages [37]. The effect of the PDMS coating on reducing convective flow caused by 
defects has also been investigated in the literature by other authors [38,39]. Indeed, the 
application of PDMS to carbon membranes can reduce the effect of viscous flow. This 
hypothesis was confirmed after applying a PDMS solution. Fig. 7 shows the room-
temperature permeance of supported carbon membranes pyrolyzed at 550 ºC with or 
without PDMS coating. After coating with PDMS the viscous flow and Knudsen 
diffusion in supported carbon membranes decreased. However, the CH4 permeance 
values increase with pressure difference, which means the PDMS did not fully plug the 
pores. On the contrary, the permeance of CO2 keeps constant with pressure. It seems 
that a PDMS coating plugs pores similar in size to CO2 but does not plug pores larger 
than CO2 kinetic diameter (0.33 nm) because it allows the permeance of larger species 
as in the case of CH4 with a kinetic diameter of 0.38 nm. 
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Fig. 7 Permeance versus average pressure in supported carbon membranes with and 
without PDMS coating. 
3.3 Effect of pyrolysis temperature on molecular sieving behavior of supported carbon 
membranes 
 
The defects were plugged in order to determine the transport mechanism in membranes 
obtained at different pyrolysis temperatures. By visual inspection crack-free supported 
carbon membranes were obtained at 550, 650 and 700 ºC.  As shown in the previous 
section, smallest defects or pinholes, which were not detected under visual inspection, 
were reduced by PDMS coating. The influence of support as pinhole promoter was 
minimized which allowed exploring the transport mechanism of the carbon membrane 
outside the viscous flow regime. Fig. 8 shows the permeance versus kinetic diameter of 
supported carbon membranes at different pyrolysis temperatures. Membranes obtained 
at 650 ºC show molecular sieving behavior because the permeance decreases in line 
with the kinetic diameter of the gas molecules analyzed. This behavior corresponds to 
molecular sieve transport mechanisms reported by other researchers in carbon 
membranes[40]. However, the same trend was not observed at 550 and 700 ºC. These 
differences in permeation and selectivity properties resulting from different pyrolysis 
temperatures have been reported by several researchers [16,18]  as one of the main 
variables that affects the carbon structure. Indeed, controlling the pyrolysis temperature 
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allows the pore size distribution to be fine tuned to include meso and micro pores, 
which in turn results in different fluxes and separation factors. The same figure shows 
that permeance decreases at pyrolysis temperatures over 550 ºC as a result of the pores 
shrinking. According to Steel and Koros[41], an increase in pyrolysis temperature for the 
same Matrimid polymer in the range of 550 - 800 ºC decreases permeation and 
increases the ideal selectivity for a pair of gases as a result of changes in the pore 
volume fraction.  
 
 
Fig. 8 Permeance versus kinetic diameter for carbon supported membrane after PDMS 
coating evaluated at room temperature (∆P = 2 bar) 
 
Fig. 9 shows changes in the ideal selectivity factors for small gas molecules in 
membranes produced in a range of pyrolysis temperatures between 550-700 ºC. All of 
the H2 gas pair’s selectivities are over the Knudsen theoretical factor for all the pyrolysis 
temperatures reported with the exception of the H2/CO2 pair. This could be because the 
pore size distribution is not sufficient to allow separation of these two molecules whose 
kinetic diameter difference is 0.41 Å. In contrast, the H2/N2, H2/CH4, H2/CO gas pair 
series have higher kinetic diameter difference of 0.75, 0.91, 1.41 Å, respectively. The 
kinetic diameter analysis does not fully explain the ideal selectivity values of CO2/CH4 
and CO2/N2, which have kinetic diameter difference of 0.5 and 0.34 respectively. These 
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pairs of gases reported permeances above the theoretical Knudsen value. In these cases, 
adsorption effects also come into play, in addition to the role played by the molecular 
size of gases.  
 
 
Fig. 9  Ideal selectivity for different pair of gases for carbon supported membrane after 
PDMS evaluated at room temperature. (∆P = 2 bar) 
 
It should be noted that permeance was not measured at high temperatures where the 
sorption effect can be reduced by increased gas diffusion [15]. Lua and Su [42] outlined 
the presence of different pore size populations in the microporous structure of a carbon 
membrane derived from Kapton pyrolysis in the range of 550 - 1000 ºC. They found 
that not only did pores shrink at higher a pyrolysis temperature, but also that new pores 
were produced which coexisted with larger depleted or shrunken pores. This could also 
explain the changes in ideal selectivity in the range 650-700 ºC, where a difference of 
just 50ºC can modify the pore size distribution of the carbon. 
 
3.4 Carbon membrane used in methanol steam reforming  
As mentioned previously, a carbon membrane pyrolyzed at 550ºC achieved results 
comparable to those of supported carbon membranes reported in the literature. To 
explore the competitive applications of the former, they must also be compared with 
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membranes used in MR applications. The selectivity values of the carbon membranes 
obtained in the present study are comparable to those reported by Lee et al [6] for 
mesoporous γ-alumina and stainless steel supports. The γ-alumina support had H2 and 
N2 permeances in the range of 2.8-3.8·10-8 and N2 0.8-1.1·10-8 mol/m2·Pa·s 
respectively, and a H2/N2 ISF of 3.3-3.4. The stainless steel support had H2 and N2 
permeances of 2.0-5.1·10-4 and N2 0.8-2.4·10-4 mol/m2·Pa·s  respectively, and a H2/N2 
ISF of 2.1-2.5. This meant that similar hydrogen recovery and conversion values could 
be expected for our carbon membrane, which indeed reported H2 and N2 permeances in 
the range of 1.29·10-7-9.38·10-8 and 2.74-4.82 ·10-8 mol/m2·Pa·s respectively and a 
H2/N2 ISF of 2.67-2.77 at 2 bar pressure difference in the range of 23-150ºC.  
 
Fig. 10 and Fig. 11 show the behavior of both the total yield and the CH3OH conversion 
of the reaction in the MR and TR configurations. There is little difference between both 
configurations; however, the total yield and methanol conversion are higher in MR, 
which validates the use of the carbon membrane for this application. Methanol 
conversion is higher in the MR due to the shifting of products. A methanol conversion 
of around 48% is achieved at 200 ºC in the MR, while a similar value of 49% is 
achieved in the TR at 250ºC. This means that higher conversions are achieved in the 
MR than in the TR. This is one of the main advantages of using MR instead of TR when 
the reaction is limited by thermodynamic equilibrium. It should also be emphasized that 
TR and MR have exactly the same geometry and that the only difference is the presence 
of the membrane. In other words, the geometry of the reactor, the catalysis load and 
type, and the operative conditions are the same for both systems. Therefore, the higher 
values observed in the experimental results are caused by the membrane alone. The 
results are comparable with a mesoporous inorganic membrane described by Lee et al [6] 
who reported methanol conversion of 55% at 200ºC. 
 
Methanol conversion is related to the permeance characteristics of the membrane. As 
pointed out in section 3.1 the membrane permeance decreases as the temperature rises 
but the conversion of methanol which is related to these permeation capabilities does 
not follow the same trend. The same behavior is reported by Lee et al [6] using a 
stainless steel support. Despite the reduced permeance, the membrane permeance in the 
MR configuration is still sufficiently high to allow the equilibrium to be continuously 
shifted to the products.  
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Fig 10. Yield versus temperature of a TR and a carbon membrane reactor for SRM 
 
 Fig 11 Methanol conversion versus temperature of a TR and a carbon membrane 
reactor. 
Park et al. [5] reported the performance of a stainless-steel Knudsen-supported composite 
membrane for dimethyl ether (DME) steam reforming. They found that a membrane 
with a H2/N2 selectivity in the range 3-3.5 and a H2 permeation between (6.7-8.2) ·10-6 
mol/m2·s·Pa showed an increased conversion at temperature that was similar to the 
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carbon membrane reported in the present study. They also reported hydrogen recovery 
between 19.8-20.8% at 200-250ºC and hydrogen permeate purity increasing with 
temperature. Table 3 shows that hydrogen purity stays more or less constant in the range 
of 200-250ºC. The difference in both results could be because the hydrogen purity is 
related to differences in selective properties of the membrane and the type of reaction 
performed.  However, the values of hydrogen purity are comparable for those obtained 
by Lee et al [6] with a mesoporous γ-alumina membrane that after integration with water 
gas shift reaction achieving 83.1-87.3% hydrogen purity on the permeate side. In 
addition, it is important to say that the results displayed in the present study are related 
to one type of carbon membrane obtained after pyrolysis at 550ºC. The preparation of 
membranes must be improved to take into account the synthesis of membranes at higher 
pyrolysis temperatures and effect of pore plugging after PDMS coating. In addition, 
reactor variables must be studied. For example, Sa et al [43] reported that contact time 
influenced the hydrogen purity achieved with a carbon molecular sieve membrane 
(CMSM).  
Table 3.  Hydrogen purity in a carbon membrane reactor 
Temperature [ºC] 200 225 250 
Permeate Purity 
H2 % 
79.4 77.7 79.2 
 
The structure of the membrane is linked to the final application. It should always be 
remembered that the best material for use in MR applications is the one that provides 
the most selective membrane and high permeance values. As shown by Lee et al. [6] 
there is a balance between permeation and selectivity and the same principal can be 
applied to the continuing developments in carbon membrane reactor analysis. In our 
next study, we aim to investigate how the integration of the WGS reaction and the 
addition of sweep gas might improve the performance of the supported carbon 
membranes. Given that no cracks were observed after two months, this material could 
be a future alternative for MR applications in IGCC. 
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4.-Conclusions 
 
Carbon molecular sieve membranes have been obtained after a Matrimid@ polymer 
layer was applied in one-step and pyrolyzed at 550 ºC. No previous modification of the 
macroporous support was performed, which meant that a composite membrane was 
produced that had a large viscous flow and a predominant Knudsen diffusion transport 
mechanism. This is better than the permeance properties reported for more graded 
structure supports, and thus removes the need for lengthy deposition steps.  
Consequently, at 550º C we can see the influence of mesoporous support pinholes and 
defects on viscous flow and the typical Knudsen diffusion mechanism. However, these 
are not the only factors to exert an influence because the permeation temperature may 
also affect the surface diffusion mechanism.  
 
PDMS coating is a useful technique for determining the how the smallest pores in a 
supported carbon membrane really function without interference from larger pores or 
defects that occur when coating a porous support. In this regard, it was possible to 
observe the molecular sieving mechanism of supported carbon membranes pyrolyzed 
till 700ºC temperature. A wide range of permeance values and selectivities were 
presented with the same type of supported carbon material. Before PDMS coating, the 
high permeance values were comparable to those of metallic and silica modified 
membranes used in MR applications. The carbon molecular sieve membranes reported 
in this paper are comparable to the inorganic membranes reported in the literature. For 
this reason, they were applied to methanol steam reforming. A preliminary study 
demonstrated the possible use of this type of membrane in MR applications, given that 
the MR yields were above those of the traditional reactor system. In order to 
demonstrate microporous structure were obtained, after PDMS coating the composite 
membranes pyrolyzed at 650º shown molecular sieving behavior and ideal selectivity 
factors over Knudsen theoretical values. 
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Abstract 
Supported carbon molecular sieve membranes have been fabricated using a modified 
Al2O3 support. Matrimid® polymer was used as a precursor of carbon membranes after 
optimization of polymeric solution composition and pyrolysis temperature range of 550-
800ºC. Optimized carbon membranes were obtained at 6 wt% polymer solution when 
pyrolyzed at 650ºC for H2/Propane (Pa) separation. However, the optimal pyrolysis and 
fabrication conditions can be for other couple of gases. The single gas permeance of H2, 
He, CO2, O2, N2, CH4, Propane, n-butane, 1-butene and SF6 ranged between (0.05-
11)·10-7 mol/(m2·Pa·s) at 150ºC. The decrease of permeance with the kinetic diameter 
of gases and ideal selectivities over Knudsen values confirmed molecular sieving 
behaviour. The reliability and reproducibility of the fabrication method presented in this 
work allowed to determine the effect of different fabrication variables on permeance 
and selectivity of the carbon membranes. Influence of methanol washing, type of 
support and aging treatment (below and over Tg) were identified as important variables 
to be considered for the screening membrane properties. The molecular sieving 
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character remained on the carbon membranes after oxidative atmosphere at 250ºC and 
hydrothermal conditions at high and low pressure. 
1. Introduction 
Gas separation membranes are highly demanded in the current market because they are 
being used as upgrades of some more traditional gas separation technologies (e.g. in 
liquid adsorption or pressure swing adsorption processes) Besides polymer, metal, 
zeolites or silica membranes, carbon membranes have gained importance as alternative 
gas separation materials due their high permeance and selectivity properties. Since 
Koresh and Sofer[1] showed the first gas separation properties of carbon molecular sieve 
membranes (CMSM), numerous advances have turned them into competitive industrial 
applications. After polymer pyrolysis it is possible to obtain a turbostratic carbon 
material under inert atmospheres as N2, Ar, He, CO2 [2]. Saufi and Ismail [2] have been 
reported to require an accurate control of a set of variables affecting the pore size of 
carbon membranes, like the type of precursor, pyrolysis temperature, heating rate, 
soaking time, among others. On the other side, there are alternative variables less 
reported on carbon membrane fabrication that requires also attention as pore size 
modifiers [3] 
Despite of the highly efficient separation properties of CMSM, their fragility limits their 
application at industrial scale.  Since they are mechanically unstable, they must be 
supported on inorganic materials. Fabricating supported membranes implies to 
overcome crack formation caused by differences on the thermal coefficient between the 
polymer and the inorganic support during pyrolysis. For smoothing the surface of 
support materials different strategies have already tested. Merrit et al [4] incorporated 
silica nanoparticles on porous stainless steel supports for reducing their porosity prior to 
coating the carbon precursor material. Liu et al [5] reduced the pore diameter (0.8-1µm) 
of Al2O3 supports after repeated dip-coating in boehmite prior to CMSM fabrication 
from polyamideimide. Fuertes and Centeno [6] deposited graphite particles between the 
support (1 µm pore diameter) and the selective carbon layer for reducing defect 
formation prior to CMSM preparation from polyimide coating. However, even when 
such modifying strategies for the support have been implemented there is a risk of 
defects or pinholes formation on the carbon layer. As evidence, ideal selectivity values 
remain under Knudsen ideal selectivity values. For this reason during the fabrication 
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process sometimes requires to include additional coating steps in order to plug those 
defects.  
Fabricating supported carbon membranes also requires a specific control of the 
variables involved on the preparation of the membranes [7-9].  As an example, Centeno et 
al [7] reported the influence of pyrolysis temperature, carbonization rate on final 
properties of CMSM obtained from phenolic resin-carbon membranes. Such studies 
have led to a common observation; the increase of permeance increases with pyrolysis 
temperature to a maximum. The permeance decrease after such value can be a 
consequence of the collapse of pores or enlargement of micropores formed at lower 
pyrolysis temperature. The temperature at which this phenomenon occurs depends on 
fabrication conditions and the type of precursor employed on CMSM fabrication.  
The pore size tailoring process could also depend on other variables that have been 
reported on unsupported samples but scarcely reported in supported carbon membranes. 
As an example, Barsema et al [10] repoted the influence of pre-treatment before and after 
Tg on unsupported carbon membranes derived from Matrimid. Tin et al [11] reported the 
influence of several non-solvents on the final structure of unsupported polyimide 
samples. None of these variables have been reported for supported samples. As pointed 
before, the fabrication of supported samples is not simple and frequently requires 
several coating steps to obtain a defect free membrane. 
The first publications on supported membranes considered polyimide membranes as 
excellent materials for the fabrication of high selective carbon membranes. Yamamoto 
et al [12] obtained carbon membranes after pyrolysis of a polyimide layer previously 
prepared with a polyamic acid precursor [12]. However, in order to eliminate polyamic 
acid solution preparation, commercial polyamide has been employed on CMSM 
fabrication [13]. In fact, Kapton®, and Matrimid® have been extensively reported for 
unsupported CMSM preparation [2,14]. However, to our knowledge, there are few reports 
of the use of Matrimid in the fabrication of supported carbon membranes [3] 
It is clear that CMSMs gain stability when supported on inorganic materials, but it must 
be considered that studies aiming to develop a reliable and fast method for fabricating 
supported membrane would allow exploring on detail the tailoring pore size process 
towards specific separation of gases. It is for this reason that the fabrication method 
must be considered as another variable to optimize. Shiflet and Foley [15] for example, 
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determined that ultrasonic deposition method allowed exploring different conditions on 
the fabrication of supported carbon membranes.  
Fabricating CMSMs exhibiting enough mechanical stability using a highly reproducible 
fabrication method is only part of the challenge. Hydrothermal stability of the 
membranes must also be considered at either high humidity [16] or oxidative 
atmospheres [17]. In fact, the low hydrothermal stability has limited their commercial 
applications.  
The objective of this study has been to measure fabrication variables on supported 
samples for which Matrimid® was the precursor of the carbon structure: support 
influence, polymer concentration, swelling in non-solvent, pyrolysis temperature, pre-
thermal treatment, and stability under oxidation and humidity atmospheres.  
The method reported in this article allowed fabrication of supported CMSM after one 
coating step of the polymer layer over the inorganic support with a high reproducibility. 
2. Experimental Part 
2.1 Membrane fabrication: polymer coating 
Different polymer solutions were prepared as carbon precursors. In all of them, 
Matrimid (3, 3', 4, 4'-benzophenonetetracarboxylic dianhidride and diamino-
phenylindane) from Huntsman Advanced Materials was used as polyimide while 1-
methyl-2- pirrolydone (NMP) 99,5% from Sigma-Aldrich was used as solvent.  The 
different polymeric solutions used on coating of ceramic supports are reported on table 
1.  The table also includes one membrane that was immersed in methanol after polymer 
coating by 24 hrs (3*) and a mixture of solvents (10**). 
Different Al2O3 tubular supports were prepared under IKTS (Hermsdorf-Germany) 
fabrication standards (Protected by patent) in order to obtain a defect-free support for 
carbon membranes fabrication. The ends of the tubes were sealed with a 15-mm glass 
each. The supports were based on α-Al2O3 with asymmetric sequence of δ-Al2O3 layer 
of different pore sizes (0.2-5 nm) through the transversal section of the tube. The tubes 
have an outer diameter of 10 mm and inner diameter of 7 mm and a length of 125 mm. 
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Table 1.  Polymer solutions used on coating of ceramic supports. 
 
Nomenclature 
Polymer concentration 
wt.% 
 
Solvent 
 
Comments 
3 3 NMP  
3* 3 NMP After coating, 
immersion in 
CH3OH 
6 6 NMP  
10** 10 NMP:CH3OH 50:50 
 
After N2 flux test (see description below), each tubular support was dipped into a 
polymer solution, by one end, after that the polymer solution was sucked into the tube 
by applying vacuum in the inner side and keeping the solution in contact with the inner 
walls of the support for one minute. Afterwards, the vacuum was replaced by N2 flux 
for pulling the solution out of the tube. The coated supports were placed for drying 
overnight in a clean room environment (class 100, humidity 50%, 21.5 ºC). 
2.2 Aging procedure 
Polymer supported membranes were considered for aging before pyrolysis and 
compared with membranes with a similar polymer history. In this sense, three 
membranes were placed in an oven at atmospheric pressure. The thermal treatment 
began at room temperature until reach 250,300, 350ºC (at 2.29 ºK/min) by one hour.  
Pyrolysis process was applied under N2 atmosphere, starting the heating at room 
temperature until reaching 380ºC at a heating rate of 0.5 K/min, then increasing until 
550 ºC at 0.6 K/min, and later reaching higher temperatures at (550ºC, 600ºC, 700ºC, 
800ºC) at 1 K/min. The cooling stage was performed at 5 K/min. 
2.3 N2 flux test at room temperature 
As a quality control procedure the flux of the inorganic supports before polymer/carbon 
coating was tested on stainless steel permeation cells for which the tubes were 
embedded using Viton O-rings. The measurements were set at P feed= 2 bar and P 
permeate= 1 bar.  The N2 flux was recorded when the pressure difference was 1 bar 
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between feed and permeate. When passing the N2 permeance test, those supports that 
reached N2 permeance values below 100 m3/(m2·Pa·s) were chosen as suitable supports 
for fabrication of carbon membranes. On the contrary, those supports that exceeded this 
value were rejected and sent for an additional coating of inorganic Al2O3 layer 
2.4 Single gas permeance measurements 
The supported carbon membranes were tested in a standard pressure rise type cell where 
the membranes were pressurized on the feed side, while the permeate side was 
maintained at vacuum. The permeation flux was calculated using the ideal gas law by 
measuring the pressure rise in a standard volume on the permeate side of the membrane 
after switching off the vacumm.  For ensuring a complete removal of adsorbed 
molecules, the membranes were heated in a vacuum oven at 150ºC for at least 15 min 
before measuring permeation. The gases H2, He, CO2, O2, N2, CH4, propane, n-butane, 
1-butene, SF6 were supplied by Linde, Hermsdorf, at a high purity (> 99,9 %). 
2.5 Bubble-Point 
For measuring bubble point, membranes were firstly passed through propanol with 
vacuum until there were no more bubbles (5-10 minutes, depending on the membrane, 
until getting the membranes wet). After this step, the membranes were placed in a 
special fixture immersed in ethanol and applying pressurized air on feed side. The 
pressure further on feed was increased (step by step) until bubbles appeared. This 
pressure was registered (that is the bubble point of the biggest pore or defect) and the 
pressure further increases until 5 bar. Simultaneously the gas diffusion was measured at 
each pressure step. At 5 bar the procedure was stopped and the pressure measurement 
was registered. For displacing the ethanol from the pores a certain pressure difference 
between the feed and permeate side was necessary. Such pressure difference depended 
on the pore diameter of the membrane.  By converting the Washburn equation, 
(Equation 1) the pore dimension could be calculated by: 
∆p = 4 σ ·  cos θ / D                            (Eq.1) 
∆p = pressure difference in bar (Pascal) 
σ = surface tension of the liquid in N/m (for example water=72,75mN/m; 2-Propanol 
21.7 mN/m) 
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θ = contact angle 
D = pore diameter  (m) 
2.6 Oxidation test 
 Membranes were placed in an oven Nabertherm L9/SH at 250ºC for 6 hours. 
2.7 Humidity test: low pressure 
Membranes were placed in a tubular oven in N2 atmosphere with a humidity of 2.5 
vol% of water at 250ºC for 24 hrs. 
2.8 Humidity test: high pressure 
Membranes were placed in an autoclave at 30 bar and 180ºC for 24 hrs. 
3. Results and Discussion 
3.1 System reproducibility 
For observing the reliability of the fabrication method, Carbon molecular sieve 
membranes (CMSM) were tested in order to observe the permeance reproducibility 
values. Fig. 1 shows the main permeance values of different CMSM obtained at 650ºC 
pyrolysis temperature using 6 wt%. dispersion of permeance values for all CMSM 
samples depended on type of gas analysed. These differences can be observed in detail 
on table number 2. For gases with smallest kinetic diameter as H2, He, CO2, O2, N2, 
CH4 and propane the standard deviation is one order of magnitude lower than the 
measurement which indicates the high reproducibility of the method. For those gases 
with larger kinetic diameter the standard deviation is comparable with the low 
permeance values of those gases. This suggest the pore size distribution of these 
membranes is too small for the group with kinetic diameters over 4.3 Å.  Steel and 
Koros [14] reported that the microporosity of Matrimid films was  lower than 6.8 Å. 
They also reported a multimodal distribution that decreases with pyrolysis temperature. 
Table 2 also shows the effect of multimodal distribution on ideal selectivity factors for 
different pairs of gases. The micropores of the membranes easily exclude the passage of 
large molecules in front of smaller molecules as in the case of H2 and propane, but this 
effect is reduced when gases are similar in size comparable to the constrictions of the 
carbon pores.   
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Fig 1 Permeance membranes pyrolyzed at 650ºC 
 
Table 2. Permeance and Ideal selectivity of CMSM obtained at the same conditions 
 
3.2 Effect of polymer solution concentration 
The effect of polymer concentration on membrane permeance values was studied for 
carbon membranes, with a concentration range of 3-10 wt% and varied compositions, 
prepared after pyrolysis at 650ºC. Figure 2 shows permeance values of diverse gases 
(H2, He, CO2, O2, N2, CH4, n-butane, 1-butene, propane (Pa), SF6) measured at 150 ºC 
versus the molecular kinetic diameter for MCSM. For each gas analysed, its permeance 
decrease with molecular kinetic diameter (i.e., the higher the diameter the lower the gas 
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permeance). This agrees with molecular sieving behaviour and indicates that the coating 
process and pyrolyzing steps led to the formation of a microporous carbon membrane.  
In order to determine the influence of non-solvent immersion on carbon membranes, a 
supported polymer membranes coated at 3%wt was immersed 24 hrs in methanol and 
compared with a non-treated methanol sample. From fig 2 it is not possible to conclude 
about a real influence of immersion of methanol as pretreatment of polymer on the final 
permeance of CMSM.  In a previous work we suggested the influence of methanol as 
modifier of carbon structure [15].  From figure 2 the permeance of H2 changed from 
2.47·10-6 to 2.27·10-6 mol/ m2·Pa·s after methanol immersion which is in the range of 
standard deviation of the measurement. Similarly, ideal selectivity computed for both 
types of systems does not allow concluding about the influence of methanol immersion 
of final properties of carbon membranes. It is important to follow several repetitions in 
order to conclude about a real effect of methanol immersion as pore modifier [18]. 
From figure 2 it is possible to observe the effect of different polymer compositions of 
permeance of carbon membranes. It is possible to tailor the pore size of carbon 
membranes adjusting this parameter. In fact, the variations are out of the range of 
standard deviation of the measurements. Similarly, from table 3 it is possible to 
conclude the influence of polymer concentration has on ideal selectivity of CMSM.  
For the purpose of this research we identified the best polymer concentration for 
fabricating CMSM, a 6 wt% polymer concentration.  Fig 3. shows 6 wt% as the best 
polymer solution concentration to prepare carbon membranes for ideal H2/Propane 
separation. Such results are promising if the current carbon membrane is compared 
against molecular sieve membranes obtained over a similar support. Schafer et al [19] 
reported H2/Propane values around 25 at 150ºC, for supported zeolite membranes, 
which is lower than the value of 77.5 obtained with our membrane after only one 
polymer coating and pyrolysis step. 
As an additional test, a 10 wt.% polymer solution, composed by a mixture of 50:50 
NMP and CH3OH solvent, yielded inferior results to those in which the polymer 
concentration for separation of H2 and Pa was at 6% wt. It is clear that both the 
concentration and composition of polymer solution influence the final properties of the 
carbon membrane. Such influence can vary according to gas pair considered for the 
analysis. 
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Fig 2 Single gas permeance performed at 150ºC of Matrimid carbon supported 
membrane at different formulations 
 
Table 3  Ideal selectivity of carbon membranes tested at 150ºC at different polymer 
concentrations. 
 
3.3 Influence of Methanol at low pyrolysis temperature 
In previous section it was explored the influence that methanol can have in the 
formation of the carbon structure of for a carbon membrane obtained from a supported 
polymer membrane of 3 wt% polymer composition and pyrolyzed at 650ºC. However, it 
was not possible to conclude a real influence of methanol as pore modifier on CMSM. 
In order to observe the influence of methanol in a different system, a carbon membrane 
obtained at 550º pyrolysis temperature and 6% wt polymer solution was considered as a 
comparative sample.  
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Fig 3 shows permeance values vs kinetic diameter of gases for a carbon membrane 
obtained after pyrolysis of membranes immersed and not immersed in methanol. It is 
expected, the lowest pyrolysis temperatures produce an preliminary microporosity  that 
must be sensible to methanol immersion. From Figure 2 is not possible to observe 
higher differences between permeance values. If we consider Table 2 the change in 
permeance is on the limit of the standard deviation of permeance of these carbon 
membranes.  However, the real effect on microporosity can be observed on figure 
because the change on ideal selectivity is over the standard deviation of the 
measurement. From this figure H2/Pa ideal selectivity decreased from 81.55 to 15.74 
after methanol immersion. But in the case of O2/N2 ideal selectivity increased after 
methanol immersion from 2.63 to 4.36. These results confirm there is an effect clear 
trend how methanol affects the microporosity of the carbon. Additional experiments 
have to be performed to confirm these hypotheses. 
 
Fig 3 Single gas permeance of carbon supported membranes pyrolyzed at 550ºC 
measured at 150ºC. 
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Fig 4 Ideal selectivity of carbon supported membranes pyrolyzed at 550ºC 
 3.4 Influence of pre-treatment. 
Fig 5-6 show the effect of thermal treatment in permeance of carbon membranes 
pyrolyzed at 650ºC.  It is possible to observe that, when the membranes have the same 
conditions before pyrolysis, their final permeance values are the same. On the contrary, 
when the membranes are pre-treated before and after glass transition temperature (Tg) 
their permeance values are also different and increase as pre-treatment temperature is 
increased. The scope of this fine influence on porosity is more evident in Fig 5-6.  
 
Fig 5.  Permeance values for CMSM vs kinetic diameter obtained for samples with the 
same thermal history before (polymer) and after (carbon) pyrolysis at 650ºC. 
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Fig 6.  Permeance values for CMSM vs kinetic diameter obtained for samples with 
different thermal history (pre-treatment at 250º, 300º, 350ºC) before (polymer)and after 
(carbon) pyrolysis at 650ºC. 
 
 
Fig 7.  Ideal selectivity values for CMSM vs kinetic diameter obtained for samples with 
the same and different thermal history after pyrolysis at 650ºC. 
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3.5  Support influence 
In a previous publication [3] we found an effect of the support on the textural properties 
of carbon membranes. However, there is a need to investigate the influence of this 
parameter on final permeance and selectivity properties of carbon membranes.  
If a support is highly mesoporous, defect formation is favoured on the coating layer, for 
instance the permeance values in the supported membrane can increase and ideal 
selectivity decrease. Fig 8 show the effect of support on permeance of Matrimid 
pyrolyzed supported membranes. For those membranes pyrolyzed at 550ºC using the 
TiO2 support the permeance values are about 100 times higher than those obtained over 
Al2O3 supports. The TiO2 support show lower permeance values when big pores or 
defects are plugged with PDMS coating . On the contrary, Al2O3 shown the lowest 
permeance values due to the multilayer structure devoted to  reduce defect formation for 
coating.   
 
Fig 8. Permeance values of carbon membranes obtained on TiO2 and Al2O3 supports at 
550ºC. 
Table 4 show that membranes obtained over TiO2 supports have ideal selectivity factors 
still below Knudsen values, including that one coated with PDMS. In the latter case, it 
is possible the pore plugging with PDMS was incomplete or the microporosity for both 
type membranes was not developed enough at 550ºC moreover, bubble point analysis 
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were done for TiO2 supports without coating detecting defects in the order to 1-3µm. On 
the contrary, membranes obtained over Al2O3 supports did not report defects in the 
range of bubble point measurements. The molecular sieving behaviour for carbon 
membranes coated on Al2O3 supports was confirmed due to permeance dependence of 
kinetic diameter and ideal selectivity factors over Knudsen theoretical values. We 
confirm, the multilayer structure of the support prevent defects formation, favours 
carbon molecular sieve membrane formation but imply a lower permeance values than 
those obtained with mesoporous support without a graded microporosity. 
Table 4. Ideal selectivity values of carbon membranes obtained on TiO2 (C1382) and 
Al2O3 (C1345) supports at 550ºC. 
 
3.4 Influence of pyrolysis temperature 
Figure 9 shows the single-gas permeance of supported carbon membranes obtained at 
550-800ºC were measured at 150ºC. For these tests, there’s also evidence of molecular 
sieving behaviour as the permeance of a gas decreases with its kinetic diameter. The 
permeance of each gas increases as the temperature at which each membrane was 
obtained in this order: 550ºC, 800ºC, 650ºC and 700ºC. Such trend is not linear and it is 
due to the different pore size distributions formed at each pyrolysis temperature. 
There was found a marked effect of carbonization temperature on microstructure of 
carbon membrane. Centeno et al [7] reported the development of pores near 500ºC and 
found that at 700-800ºC the pores are enlarged before shrinking at higher temperatures. 
This latter may produce differences on separation performances. Similarly, we have 
observed the same effect of high pyrolysis temperatures in our carbon membranes.  Gas 
permeance increases until pyrolysis temperatures in the range of 650-700ºC, but it starts 
to decrease at 800ºC. The differences on permeance evolution with temperature are due 
to reduction of pores and creation of new micropores during the pyrolysis treatment. 
Such process depend on precursor type, pyrolysis conditions and gases tested. For a 
membrane obtained at pyrolysis temperature of 700ºC Centeno et al [7] reported lower 
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permeance 1.028 ·10-7 mol/ (m2·Pa·s) and 2.319·10-7 mol/ (m2·Pa·s) for N2 and CH4 
respectively than our membranes with 2.09 ·10-7 mol/(m2·Pa·s) and 2.87·10-7 
mol/(m2·Pa·s) for the same gases. However, they obtained higher ideal selectivity 
factors for CH4/N2 and n-butane/N2 of, respectively, 2.3 and 1.8 (See figure 10) 
compared to ours of 1.37 and 0.56 for CH4/N2 and n-butane/N2 respectively. 
Fuertes  and Centeno [6] achieved He permeance in the order of  2.45·10-8 -3.04·10-9  
mol/(m2·Pa·s) measured at 150ºC which is comparable with our membranes with 
permeance measured at 150ºC  ranged between 6.3·10-8-1·10-7 at pyrolysis temperature 
between 550º-800ºC. We obtained higher permeance values using only one coating step 
over a multilayer support but lower ideal selectivity factors. For example, for CO2/CH4 
pair we obtained the 9.23 as the best ideal selectivity factor (obtained at 800ºC pyrolysis 
temperature) meanwhile Fuertes and Centeno reported 17.  
Lee et al [20] also reported the effect on temperature in permeance. An increase of 
permeance was observed with an increase of temperature from 500ºC to 700ºC. After 
this value the permeance decreases at 800ºC. For a membrane obtained after pyrolysis at 
800ºC the CH4 permeance was 2.6 ·10-10 mol/(m2·Pa·s), which is lower than the 
permeance reported by our membrane (2.2 ·10-8 (mol/ m2·Pa·s)) at the same pyrolysis 
temperature. In addition, they reported a decrease of CO2/CH4 ideal selectivity from 33 
to 14; for membranes pyrolyzed at 700ºC and 800ºC respectively. Our membranes 
increased CO2/CH4 ideal selectivity factor from 3.45 to 9.23.  
Differences found between bibliography [6,7,20] and our work evidence the complex and 
heterogeneous nature of the carbon. Moreover, ideal selectivity factors for each pair of 
gases depend on pore size distribution that includes both micropores and 
ultramicropores, that favour either diffusion or adsorption of some molecules over 
others [14]. This imply, to find an appropriated pyrolysis temperature depends on the 
type of precursor and the final application. 
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Fig 9.  Permeance values for CMSM vs kinetic diameter obtained at different pyrolysis 
temperatures. 
 
 
Fig10.  Ideal selectivity values for CMSM vs kinetic diameter obtained at different 
pyrolysis temperatures. 
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3.5 Stability of carbon membranes 
3.5.1 Oxidation test 
Fig 11-12 show the effects of oxidation on the permeance of carbon supported 
membranes obtained at 650ºC pyrolysis temperature. In figure 11 it can be seen that 
there is an increase of permeance after 0.5 h oxidation. However, if oxidation is 
performed during 6 hr the permeance decrease, which is the opposite to observed at 0.5 
hr test. The analysis of ideal selectivity factors of H2/CH4, CO2/CH4, O2/N2, and H2/Pa 
(Fig 13) decreased after 0.5 hr. However, the same ratio increased when samples were 
exposed at 6 hr. Fuertes [17] reported an increase of permeance after oxidation during 0.5 
hr and at 400ºC for a membrane carbonized at 700ºC. Fuertes also reported a non-
dependence of permeance on the kinetic diameter of membranes oxidized at these 
conditions. As a consequence, they reported that the original molecular sieve 
mechanism was lost and replaced by adsorption-desorption mechanism. This was also 
confirmed by an increase of selectivity for pairs of gases composed by highly adsorbed 
and week adsorbed gases as in the case of Pa and N2.  
At 0.5 hr of oxidation our membranes kept a dependence of permeance on the kinetic 
diameter and reported a decrease of ideal selectivity (Fig 13) for different pairs of gases. 
As a consequence, we conclude that the membranes kept the molecular sieving 
mechanism.  In the case of the membranes oxidized 6 hr, permeance decreased but there 
is no clear trend for ideal selectivity. Figure 13 shows a decrease of ideal selectivity for 
CO3 sample, but not for CO4 sample. This could indicate that the 6-hour oxidation 
process yielded a different carbon structure than that obtained with 0.5 hr. It is probably 
a different pore size distribution would promote adsorption of some gases as Pa.  
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Fig 11 Permeance vs. Kinetic diameter of carbon molecular sieve membrane obtained at 
650ºC pyrolysis temperature after oxidation treatment at 350ºC at 0.5 hrs 
 
 
Fig 12 Permeance vs. Kinetic diameter of carbon molecular sieve membrane obtained at 
650ºC pyrolysis temperature after oxidation treatment at 350ºC at 6hrs. 
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Fig 13 Ideal selectivity factors of carbon molecular sieve membrane obtained at 650ºC 
pyrolysis temperature after oxidation treatment at 350ºC at 0.5 and 6hrs. 
3.5.2 Humidity Test 
Fig 14 shows the effect of low-pressure humidity exposure on the permeance of carbon 
molecular sieve membranes obtained after pyrolysis at 650ºC. All these samples showed 
a slight decrease in their permeance and a slight increase in their ideal selectivity when 
compared to their original samples. However, for both samples tested permeance 
decrease with kinetic values of gases and ideal selectivity factors remain over Knudsen 
values (Fig 15), which is an evidence of carbon membranes keep the molecular sieving 
mechanism. 
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Fig 14 Permeance vs. kinetic diameter of carbon molecular sieve membrane obtained at 
650ºC pyrolysis temperature at 250ºC and low pressure. 
 
Fig 15 Ideal selectivity factor of carbon molecular sieve membrane obtained at 650ºC 
pyrolysis temperature at 250ºC and low pressure. 
Humidity and pressure tests were also performed for one  membranes obtained at 650ºC 
by having it at high pressure in an autoclave at 180ºC for 24 hr. In general, the 
membrane, identified A suffered a permeance decrease after the first and second 
exposure (Fig 16). The resulting behaviour coincides with experimental results by 
Lagorsse et. al. [19] in which the decrease of permeance values after exposure to 
humidity conditions was reported to be a consequence of pore blocking. However, the 
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impact of these variables is more evident on ideal selectivity (Fig. 17). The dependence 
of permeance on kinetic diameter allow to conclude the molecular sieving character 
remain on carbon membranes after humidity test.  
 
Fig 16 Permeance vs Kinetic diameter of carbon molecular sieve membrane CA_1 
obtained at 650ºC pyrolysis temperature after autoclave test at 180ºC, 30 bar and 24 hr 
(one exposure and repetition)
 
Fig 17 Ideal selectivity of carbon molecular sieve membrane CA_1 obtained at 650ºC 
pyrolysis temperature after autoclave test at 180ºC, 30 bar and 24 hr (one exposure and 
repetition) 
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4. Conclusions 
Supported CMSM were obtained after pyrolysis of polymer membranes at pyrolysis 
temperature of 550-800ºC. The coating of polymer layer was done under controlled 
conditions of humidity and temperature (Clean room facilities) on highly mesoporous 
support that were obtained after multistep coating of a macroporous Al2O3 substrate.  N2 
permeance test allowed to control the quality of limit of the support. The quality control 
allowed the one step preparation of a carbon membrane free of defects and pinholes. 
The high reproducibility and reliability of this fabrication method allowed determining 
the effect polymer solution, pyrolysis temperature, methanol immersion of the polymer 
membrane, its thermal pre-treatment, and support quality on the final permeance and 
selectivity properties of the membranes. Pyrolysis temperature and thermal pre-
treatment represent the most important variable. The complex influence of methanol 
immersion as a pre-treatment of the polymer membrane undergoing pyrolysis was not 
confirmed, for this reason further research is required to quantify the impact of this 
influence. Similarly, support quality is a determinant parameter to achieve higher or 
lower permeance values. The influence of this parameter is highlighted in defects 
formation. Moreover, it is possible that it can also influence the type of carbon layer that 
is formed over the support. This implies that textural characterization techniques must 
be included on analysis of CMSM properties. Finally, the membranes were exposed to 
different oxidation, and humidity conditions. For all type of conditions tested the 
membranes preserved their molecular sieving behaviour. 
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CHAPTER 8 
General Conclusions and Future Work 
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GENERAL CONCLUSIONS 
 
The present PhD presents an alternative fabrication method to obtain supported carbon 
molecular sieve membranes for gas separation. In order to achieve this goal a detailed 
revision of the bibliography was done in order to identify the week points associated to 
the research devoted to obtain defect free carbon membranes for industrial applications. 
The method was evaluated including the influence of fabrication variables on the carbon 
structure. The main conclusions of this research work can be summarized as follow: 
1. Controlling the viscosity of the polymer solution it is possible to obtain a simple one-
step polymer coating method for the formation of the ceramic-supported carbon 
membranes. The combination of spinning and optimization of the viscosity allow the 
formation of polymer and then carbon membrane without modifying the macroporous 
support. In order to obtain a reproducible fabrication method, a detailed control of each 
fabrication variable was performed. This allowed identifying other parameters that 
affected the quality of the carbon membranes as washing of the polymer film with 
methanol, aging the polymer after deposition, the heating rate and the final temperature 
during pyrolysis. A pyrolysis temperature of 650 ºC gives a carbon membrane with a 
pure molecular sieving mechanism at room temperature. Permeance ranges from 
9.82·10-9 mol/m2·Pa·s for H2 to 9.31·10-10 mol/m2·Pa·s for CH4, representing ideal gas 
selectivities of 2.37, 4.70 and 10.62 for H2/CO2, H2/CO and H2/CH4, respectively. 
2. From a detailed characterization of the carbon material it was possible to observe the 
influence of the fabrication variables on carbon membrane structure. In this sense, it 
was possible to observe differences between the type of coated material when is 
considered for supported and non-supported samples. Polymer-support interactions 
make an important contribution to the structure of the carbon membrane because affects 
the formation and organization of the alternative charge transfer complex in polyimides. 
When the same polymer was coated on porous ceramic supports the pore and volume 
size decreased with pyrolysis temperature on opposite way to reported when the sample 
is non-supported. A detailed characterization of the pores of the carbon layer by 
adsorption-desorption isotherms and immersion calorimetry confirmed these 
differences. There was an heterogeneous nature of the samples evidenced by different 
pore size distributions. The hysteresis found in both type of samples matched with the 
UNIVERSITAT ROVIRA I VIRGILI 
CARBON MOLECULAR SIEVE MEMBRANES FOR GAS SEPARATION 
Kelly Cristina Briceño Mejías 
Dipòsit Legal: T 1057-2014 
 
 
178 
 
differences of heat of adsorption. The effects of the temperature and support influence 
were highlighted. The carbon structure obtained on porous ceramic support at 500ºC 
was still incipient, and contained pinholes and defects that caused small separation 
factors. After pore plugging the effect of the defects was eliminated, and CO2/CH4 ideal 
separation selectivity rose above the theoretical values of a pure Knudsen-controlled 
transport. 
3. The supported carbon membranes obtained by the method developed in this work can 
present different gas separation mechanism. In this sense, after polymer pyrolysis the 
carbon membrane has a Knudsen-like transport mechanism. The reason why it is not 
pure Knudsen is due the effect of adsorption on the pores of the membrane. The 
presence of pinholes reduces the possibility to obtain higher separation factors. 
Moreover, a plug strategy was successfully performed after polydimethylsiloxane 
(PDMS) coating. The addition of this polymer allowed to increase the separation factor 
of the carbon membranes obtained reducing the permeance. Until this point, it is 
possible to conclude than from the same fabrication method it was possible to obtain a 
range of permeance and selectivity values for hydrogen separation. 
 
4. PDMS coating is a useful technique for determining the how the smallest pores in a 
supported carbon membrane really function without interference from larger pores or 
defects that occur when coating a porous support. It was possible to observe the 
molecular sieving mechanism of supported carbon membranes pyrolyzed till 700ºC 
temperature for those membranes obtained by spinning-coating method.  
 
5. Membranes obtained by spinning-coating method shown optimal carbonization 
temperature at 650ºC. The same temperature was considered as optimal for those 
membranes obtained in IKTS (dip-coating method in clean room).  
 
 6. Carbon molecular sieve membranes were obtained in clean room conditions (dip-
coating method) at different pyrolysis temperature ranged from 550-800ºC. Polymer 
composition and pyrolysis temperature were optimized to obtain different permeance 
and selectivity values. The best combination for H2/Pa separation was 6%wt 
Matrimid/NMP solution pyrolyzed at 650ºC. However, depending on the pair of gas 
these conditions can be different.  
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6. Alternative to pyrolysis temperature and polymer concentration, other variables were 
found to influence final carbon structure of the carbon membrane. In this sense, it is 
concluded from this work the high influence aging (polymer pretreatment), type of 
supports have on carbon membrane. It was not clear the influence of methanol 
immersion.  
 
7. Carbon membranes obtained after Matrimid@ pyrolysis showed a good oxidation and 
thermal stability after exposure to high and lowest pressure. For all membrane test, the 
molecular sieving behavior remain as the main transport mechanism of these 
membranes. 
 
8. As common idea, the fabrication process presented in this thesis avoid several 
polymer coating and pyrolysis steps, which is a competitive advantage to previous 
research done by other researchers. Moreover the key point of this method outlines the 
influence of the ceramic support in to achieve defect free membranes. Depending on the 
final requirement the permeance mechanism of carbon membranes derived from 
Matrimid@ ranges between Knudsen-like diffusion and molecular sieve.  
 
9. The permeance and selectivity properties of carbon membranes place them in a 
competitive position as materials for gas separation. Since the last two decades the main 
fabrication variables to be considered on the fabrication of carbon membranes were 
identified as synthesis conditions, selection of the precursor, and the type of fabrication 
method for an specific separation problem. Moreover, the influence of these variables 
has been extensively reported considering characterization techniques such as 
adsorption-desorption isotherms, AFM, and electronic microscopy. However, there is a 
problem associated to the mechanical stability of carbon membranes that requires them 
to be supported on supports to overcome this limitation. Important research work has 
been developed by several researchers to obtain supported carbon membranes. Most of 
the methods reported outline dip-coating or ultrasonic deposition as effective methods 
to achieve the supported material. In spite of this advances, there are still problems as 
crack formation and pin-holes presence on the composite membrane.  There is a need to 
obtain carbon membranes in a simple method but also identify the characterization 
techniques that allow to integrate the changes of the carbon material when is integrated 
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with the support. This work attempt to solve this problem and bring alternative point of 
view towards find new solutions. 
FUTURE WORK 
1. The original idea of supported carbon membranes for gas separation can be extended 
in many fields of chemical engineering. As reported in several publications,  it is 
possible to tailor the porous structure of the carbon in order to obtain different 
separation factors, this work stated that it is possible to obtain different separation 
factors controlling the integration of the carbon material and  its support. It is possible 
for instance to obtain different properties of the composite membrane and apply them in 
membrane reactors at high scale or in small microreactors. Few attempts have been 
reported in the past from experiences derived from electronic or microfabrication. For 
this reason, the same fabrication techniques can be applied to obtain new application of 
the carbon membranes in dehydrogenation reactions, hydration reactions or hydrogen 
production reactions. The flexibility supported carbon membranes can present for 
membrane reactors in a high scale can be transferred to a micro scale. It is possible to 
achieve integration of carbonaceous microporous structures in small chips for micro 
reactions.  
2. The spinning-coating fabrication method proposed in this thesis can be used with 
other polymers or mixtures of polymers in order to study the influence of the precursor 
on the carbon structure. This study can include the characterization techniques presented 
in this thesis.  
3. An extensive study of permeance can include the influence of different porous 
support with different porosity values and their performance on steam reforming of 
methanol. A characterization of the LLDP technique can be related to the permeance 
values of these membranes.  
4. It must be considered the automatization of the fabrication method of spinning-
coating in order to increase the reproducibility and avoid problems associated to manual 
coating of the polymer layer. The automatic device must deliver the polymer solution 
under controlled speed rotation in order to allow minimal thickness variations and 
longer depositions areas over the inorganic support. 
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5. It is proposed an experimental design to study the influence of immersion of polymer 
membranes previous to carbonization and the combined effect with pretreatment.  
6. As shown in this work the permeance and selectivity properties of carbon membrane 
obtained by spinning coating were comparable to those of metallic and silica modified 
membranes used in MR applications. The carbon molecular sieve membranes reported 
in this paper are comparable to the inorganic membranes reported in the literature. For 
this reason, they were applied to methanol steam reforming. A preliminary study 
demonstrated the possible use of this type of membrane in MR applications, given that 
the MR yields were above those of the traditional reactor system 
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